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Abstract

Polymer electrolyte membrane water electrolysis (PEMWE) are a promising tech-

nology to generate hydrogen using electricity from renewable sources of energy and

water. The hydrogen can be used to reduce the emission of greenhouse gases in a

number of industrial processes, such as power grid, fertilizer industry, and trans-

portation sector. PEMWE cells however suffer from high cost and low performance

and durability. The focus of this thesis is to find the physical phenomena limiting the

PEMWE cell performance and propose novel electrode designs that could reduce these

limitations. To achieve above goal, a catalyst layer (CL) fabrication method capable

of manufacturing well controlled CL, is required, as the PEMWE cell performance is

highly dependent on the CL manufacturing method, composition, and microstructure.

In the first part of the thesis, a novel fabrication method, inkjet printing, was

used to fabricate the CLs. Its drop-by-drop deposition allows for precision deposition

of catalyst ink. An unsupported IrO2 catalyst ink suitable for jetting was developed.

After depositing IrO2 CLs on the membrane, various ex-situ methods were used to

characterize the surface and thickness of the CL and in-situ methods were used to

obtain a measure of electrochemical surface area (ECSA), kinetic parameters, and

cell performance. Scanning electron microscopy (SEM) images showed the CL was

uniform and well adhered to the membrane. Energy dispersive X-ray spectroscopy

imaging showed even distribution of catalyst and ionomer in the CL. A kinetic study

revealed Tafel slopes similar to those in literature, however the exchange current
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density was lower, showing that the catalyst might not be very active. Still, the

electrochemical performance outperformed most of the previously reported results in

literature. The catalyst coated membranes (CCMs) also showed stable performance

when tested for 24 hours. These results suggested that the inkjet printing can be

used to fabricate electrolyzer electrodes with great control and good performance.

A novel setup utilizing a hydrogen pump technique was developed to measure the

protonic conductivity of the IrOx CL for the first time in PEMWE literature. The

through-plane electronic conductivity of the anode CL was also measured using a

two-probe method. The conductivities were obtained with varying ionomer loading.

The measured conductivities showed that the limiting charge transport parameter

in the studied IrOx catalyst can be either protonic or electronic depending on the

ionomer loading in the CL. A second catalyst made of Ir black was also studied. In

this case, protonic conductivity was found to be always limiting. The implication

of the obtained results is that the oxygen evolution reaction would be more active

at CL–membrane interface for the Ir CL and at CL–porous transport layer (PTL)

interface for the IrOx CL with an ionomer loading above 15 wt.%. These results sug-

gested that there might be an optimal catalyst and ionomer loading for each catalyst

material to achieve a high catalyst utilization that depends on protonic and electronic

CL properties, as well as catalyst activity.

The porosity of the PEMWE cell anode CL is low due to the use of an unsup-

ported catalyst (typically Ir/IrOx), possibly resulting in mass transport losses and

low CL surface area. By increasing the porosity of the anode CL, it is hypothesized

that mass transport losses will be alleviated, and more catalyst surface area will be

exposed to the reactant. Addition of carbon to the Ir or IrOx catalyst ink was inves-

tigated for the first time in literature to increase the porosity of the anode CL. The Ir

and IrOx CL porosity increased from 58% to 71% and from 23% to 41%, respectively,
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even without removing carbon. Then added carbon was oxidized in-situ to create

further pore spaces. SEM images revealed that by adding carbon decreased the CL

cracks. With an increase in the CL porosity, the ECSA of CCMs with Ir increased

and CCMs with IrOx, first, increased and then decreased. The decrease might be

due to the detachment of the catalyst from the IrOx CL as seen from SEM images.

The CCMs with Ir showed an improved performance at low current density due to

the increased ECSA and at high current density due to the decreased high frequency

resistance (HFR). At 1.8 V, the current density increased from 3.16 to 3.70 A/cm2

with increasing carbon content for Ir CCMs. The reason for the decreased HFR is

hypothesized to be due to better contact between the PTL and the Ir CL, as identified

by SEM imaging showing PTL fibers indenting into the CL. On the other hand, the

CCM with IrOx catalyst showed improved cell performance at lower current density

due to the increased ECSA but did not at higher current density due to increased

HFR. The increased HFR might be due to the increased CL thickness with carbon

content, which increased the proton transport resistance of the IrOx CL. A short-

term degradation test of CCM with Ir showed improved degradation from 626 to

529 µV/h with carbon addition. Volcano-shaped cracks, observed in post operation

Ir CL without carbon, disappeared with the addition of carbon. These cracks are

hypothesized to be caused by high gas pressures within the CL, which are reduced

due to improved mass transport. These results demonstrated that, for Ir catalyst,

the addition of carbon can improve both cell performance and CL integrity. On the

other hand, CCMs with IrOx catalyst had a beneficial impact at low current density

only.

Overall in this thesis, different aspects of CL development were studied in order

to improve the PEMWE cell performance. Firstly, a novel fabrication technique

capable of fabricating well controlled CLs was developed. Secondly, a novel setup

was developed to measure the proton transport resistance of the anode CL. And
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finally, the CL porosity was increased using carbon, thereby enhancing the PEMWE

cell performance.

Keywords: Inkjet printing, catalyst layer conductivity measurement, pore former
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Chapter 1

Introduction

1.1 Motivation

Over the past 100 years, the greenhouse gas (GHG) emission rate has increased

from 5 Gt/yr to 30 Gt/yr due to deforestation, the use of fossil fuels, and other

human-related activities [1–3]. There is now great concern about the impact of cli-

mate change, such as increasing number of forest fires, heavy rains, and cyclones,

[4, 5] which is due to the increase in GHG in the atmosphere [6].

The amount of energy consumed each year from different fuel sources has steadily

increased, with currently more than 80% of the world’s energy coming from fossil

fuels [7, 8]. The transportation sector alone consumed nearly 30% of the primary

energy in the US and Canada, mostly in the form of fossil fuels [9, 10]. Emissions

from fossil fuels continue to increase as we burn more each year for energy.

In order to limit GHG emission from fossil fuels, its consumption must be reduced

by increasing the use of renewable energy. As of 2019, only around 17.3% of the total

primary energy consumption in Canada came from renewable sources of energy [11].

Canadian government pledged to reduce its GHG emissions by 30% of the 2005 value

by 2030 and by 80% by 2050 [12] and Alberta is committed to producing 30% of its

electricity with renewable energy by 2030 [13].
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Renewable energy sources, such as wind and solar, are intermittent, making it dif-

ficult to match supply and demand. In order to match seasonal supply and demand,

large scale energy storage is required. Among the various energy storage technologies,

such as hydrogen, pumped hydro, batteries, super capacitor, and flywheels, hydrogen

is one of the few options that can store large quantities of energy, i.e., GWh scale,

and over a broad power range [14]. Hydrogen energy storage would allow GWh of

excess energy from renewable sources of energy to be used to reduce the use of fossil

fuels for electricity, heating, and transportation.

Hydrogen is a versatile fuel that can be produced from many sources such as

fossil fuels, biomass, and electricity and water [15]. Most hydrogen produced today

comes from steam methane reforming, which results in CO2 emissions and low purity

hydrogen [15, 16]. A safe and environmentally friendly way of producing hydro-

gen is water electrolysis, using renewable electricity during periods of low electricity

demand [17, 18]. The hydrogen produced can then be used to generate heat in a

furnace/boiler or electricity and heat in a fuel cell. Hydrogen is now dominantly

used directly in industrial processes, such as crude oil refining, upgrading of Fischer-

Tropsch Gas-to-Liquid products, and ammonia and urea production [15]. It is easily

transported, stored and blended with current fuels [15]. The production of hydrogen

using electrolysis and its consumption in heating, fuel cell and industrial processes

do not produce GHG, therefore the use of hydrogen could potentially decarbonize a

number of energy sectors.

Currently, hydrogen costs about $5 per kilogram when generated from renewable

energy. The U.S. Department of Energy’s Energy Earthshots initiative launched the

“Hydrogen Shot” program on June 7, 2021 to reduce the cost of clean hydrogen by

80% to $1 per 1 kilogram in 1 decade. Achieving this goal requires innovations in

hydrogen technology.

Several electrolysis technologies have been investigated in the past. The five most

prominent are: i) alkaline electrolysis (AE), ii) proton exchange membrane water

electrolysis (PEMWE), iii) solid oxide electrolysis (SOE), iv) alkaline exchange mem-
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brane water electrolysis (AEMWE), and v) microbial electrolysis (ME) [19]. Of these

technologies, AE technology is the most mature while the least developed are SOE,

AEMWE and ME, which remain at an early research stage [19, 20]. PEMWE has

reached the commercial market, but only for small-scale niche applications. PEMWE

technology has been investigated since the 1960s, when General Electric introduced

it for its inherent advantages over AE. PEMWE cells are safer compared to AE cells

because of the use of a solid electrolyte membrane, which minimizes the gas cross-over

and eliminates the use of highly caustic liquid electrolyte in AE cells [21]. PEMWE

cell also provide higher purity hydrogen (99.99%) due to better gas separation [22],

and they can be made more compact as high current densities (between 2–4 A/cm2)

are possible [23]. Finally, it is also possible to produce pressurized gases directly

(70 bar [24], 130 bar [25] and 138 bar [26] have been reported) and even differential

pressurization between the anode and cathode (systems with approximately 20 bar

and 70 bar pressure difference have been reported [27–31]).

Despite the inherent advantages outlined above, PEMWE cell has not seen widespread

utilization/deployment due to its high cost, low availability of the precious catalyst

used in the electrodes, and low durability [32–34]. Hence, research and development

is necessary to decrease the cost and to improve the performance and durability of

PEMWE cells. Numerous studies have been carried out to better understand and op-

timize the catalyst and electrode [35–44], membrane [45–52], porous transport layer

(PTL) [22, 53, 54], bipolar plate [55–58], and auxiliary power unit analysis and de-

sign [59]. One way to reduce the cost is by operating the cell at a higher current

density [33]. Current densities as high as 5 A/cm2 have been recorded in recent

years [60–62]. However, to increase the current density without increasing the cell

voltage, and in turn increasing the overall efficiency, the electrode must be redesigned

to increase catalyst utilization and reduce transport losses.

This thesis aims at developing experimental techniques to understand the key

limiting factors affecting the cell performance in order to optimize the use of existing

materials.
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Figure 1.1 – Schematic of the working of the PEMWE cell.

1.2 Literature review

1.2.1 Background

1.2.1.1 Working of the PEMWE cell

An electrolyzer is a system that uses electricity to oxidize the water supplied to

the anode into oxygen and produce hydrogen in the cathode. A schematic of the

working of the PEMWE cell is shown in Figure 1.1. In the anode water oxidation

produces protons and electrons via the oxygen evolution reaction (OER),

2H2O(l) → O2 (g) + 4H+
(aq) + 4e−(s) (1.1)

Protons migrate through the proton exchange membrane (PEM) and electrons

through the external electrical circuit to the cathode, where they recombine to pro-

duce hydrogen via the hydrogen evolution reaction (HER),

4H+
(aq) + 4e−(s) → 2H2 (g) (1.2)
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1.2.1.2 Construction of the PEMWE cell

The PEMWE cell hardware consists of a PEM, CL, PTLs, bipolar plates, current

collector plates, and end plates. A schematic of the PEMWE cell hardware is shown

in Figure 1.2. The hearts of the PEMWE cell are the CLs, where the electrochemical

reactions (OER and HER) take place. The anode and cathode CLs are separated by

a PEM (typically Nafion), which prevents product gases from mixing.

PTLs are kept in contact with the CL to aid transport of reactant, products,

charge, and heat. A titanium PTL is used on the anode side of the cell, as the highly

electro-oxidative environment in the anode prevents the use of carbon materials. A

carbon based PTL is used on the cathode side of the cell to minimize the cost and

enhance the electronic conductivity.

Produced gases are transported through the CLs and PTLs to the channels in

the bipolar plates. As the anode is flooded with water, the oxygen produced will be

transported as bubbles. These bubbles are thought to hinder the transportation of

water to the catalyst active sites when operating at high current density [63, 64]. The

bipolar plates are used to distribute the water evenly on the anode side and to remove

gases produced in anode and cathode. A titanium bipolar plate is usually used on the

anode side, whereas a graphite bipolar plate is used on the cathode side. End plates

are used to provide a uniform pressure distribution between the various components

of the electrolyzer cell and consequently reduce the contact resistance between them.

In order to achieve a high cell performance, the transport of reactants, products,

charge, and heat must be optimized, and a catalyst must be used in the electrodes to

activate the electrochemical reactions.

1.2.1.3 Catalyst layer fabrication

In order to study the impact of the parameters that control the CL microstructure

and transport properties, first it is important to understand how a CL is manufac-

tured. A schematic of a conventional CL is shown in Figure 1.3. PEMWE cell CLs

are thin (i.e., 5-10 µm) and porous. They are composed of catalyst nanoparticles,
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Figure 1.2 – PEMWE cell exploded view.

which can be either supported or unsupported and an ionomer, usually a perfluoro-

sulfonic acid (PFSA) polymer. The catalyst is used to activate the electrochemical

reactions and also to provide a path for electron transport. A proton conducting

polymer transport protons through the CL. Pores provide a path for reactant and

product gas transport. An optimal CL structure should contain an optimal amount

of each material, a well-connected network of pores with an optimized pore size distri-

bution to aid reactant (liquid) and product (gas) transport, numerous well-dispersed

catalyst active sites to enhance the reaction rate, and a well-connected catalyst and

ionomer phase to minimize electron and proton-transport resistances.

Metal or metal oxides (e.g., Ir, IrOx, and RuO2) are used as the anode catalyst be-

cause they have been shown to have the highest activity towards the OER [33, 65, 66].

IrO2 is usually used as the standard catalyst because it achieves a good balance be-

tween the performance and the stability as the oxidation of RuO2 to RuO4 occurs at

a potential above 1.39 V. This will dissolute RuO4 as the PEMWE cell operates at

a higher potential [67]. In some cases, a catalyst support is also used to increase the
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Figure 1.3 – Schematic of the catalyst layer microstructure.

catalyst utilization.

Platinum nanoparticles are used as the cathode catalyst as it is the most active

material for the HER [65, 66]. To increase the Pt utilization, Pt supported on a

porous carbon, such as Vulcan or Ketjen black, is used. Pt/C is not likely to be

replaced as the HER catalyst of choice for PEMWE application in the near future,

as non-platinum group metal catalysts are yet to achieve the level of activity and

durability of the Pt [66].

1.2.1.4 Factors affecting PEMWE cell performance

PEMWE cell performance depends on various parameters such as operating con-

ditions (e.g., temperature [45, 68], pressure [26, 68], and water flow rate [68]), mem-

brane type and thickness [45, 46, 69], assembly pressure [70], PTL type and thick-

ness [22, 71], catalyst loading [72] and type [73], ionomer loading and type [72], CL

thickness [74], CL structure (including porosity, pore size distribution), and pH of the

water [66, 75].

The performance of a PEMWE cell is usually assessed by means of a polarization
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Figure 1.4 – Conceptual representation of performance factors of polarization curve.

curve, which is a plot of the current density against the cell voltage. While an ideal

electrolyzer would exhibit a straight horizontal line at a voltage determined by its

Nernst potential, various irreversible energy losses result in the voltage increase as

the operating current density increases. Figure 1.4 shows a typical polarization curve

of a PEMWE cell where three distinct regions can be observed [76]: i) activation

region at low current density, ii) ohmic region in the intermediate current density

where ohmic resistance becomes predominant, and iii) mass transport region at higher

current density.

1.2.1.4.1 Activation region

In this region, an increase in the cell voltage is caused by the overpotential required

to overcome the activation energy of the electrochemical reactions on the catalytic

surface [63]. This type of loss dominates at low current density until the ohmic resis-

tance starts to become significant. The HER overpotential is usually small because

of the fast kinetics of the reaction [77, 78]. The OER overpotential is usually much

higher due to the sluggish four-electron reaction [66, 77] and it is therefore the most

significant source of voltage loss. Due to the sluggish nature of the OER, highly

active catalysts and large active surface area are required to facilitate the reaction,
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with CL design focusing on maximizing the number of active sites for the reaction.

Some key properties of the CL, such as catalyst loading, type of catalyst, and catalyst

dispersion play a role in determining the number of active sites and activity and in

turn determine the potential losses occurring in this region [33, 76, 79, 80].

For any electrochemical reaction, the simplest model that can be used to predict

the current produced in the anode at moderate overpotentials is the Tafel equa-

tion [81], which is shown here to illustrate key parameters that can be controlled to

reduce the activation losses, i.e.,

j = mcat A0 j
eq
0

[︄
N∏︂
i=1

(︃
ci
ceqi

)︃νi
]︄

exp

(︃
αF

RT
ηact

)︃
(1.3)

where j is current density (A/cm2 CL), mcat is the catalyst loading (g/cm2 CL), A0 is

the specific electrochemical surface area (ECSA) (cm2
cat/g), j

eq
0 is the exchange current

density (A/cm2
cat), ci is the concentration of the reactant at the catalyst surface, ceqi is

the reference concentration used to calculate Eeq, α is the charge transfer coefficient,

F is Faraday constant, R is the universal gas constant, T is the temperature and ηact

is the activation overpotential (ηact = ϕs − ϕelectrolyte − Eeq), where ϕs is the solid

phase potential, ϕelectrolyte is the electrolyte phase potential, and Eeq is the Nernst

potential for the half-cell reaction at the given reference concentrations.

There have been numerous attempts in literature to reduce activation losses, which

are categorized as follows:

1. Developing novel catalysts with increased intrinsic activity towards the OER [82,

83]. In Equation (1.3), j0 and α are intrinsic to a given catalyst material and

surface state, therefore they require the use of new materials and synthesis

methods. Synthesis of the catalyst is, however, not considered in this thesis.

2. Increasing the catalyst utilization by finding the optimal catalyst loading that

provides large total surface area in the CL, while keeping transport losses to

a minimum [40, 69, 72, 74, 84, 85]. An optimal value will exist for each cata-

lyst, and therefore catalyst loading optimization is better address by numerical
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simulation once a well-validated numerical model has been developed. In this

work, CL characterization tools will be developed to better understand the re-

lationships between catalyst type and loading, ECSA and transport properties,

thereby aiding in the development of numerical models for CL optimization.

3. The third way of decreasing activation losses is by increasing the specific ECSA,

i.e., cm2catalyst
cm3CL

, for the same catalyst loading. This can be achieved by:

(a) The optimal dispersion of the catalyst. Rather than using bulk catalyst

in the CL, nano particles can be dispersed on a support, as is done in

the hydrogen CL, where platinum is supported on carbon black [86–92].

Some supports characterized in literature are indium tin oxide (ITO) [93],

TiO2 [94, 95], antimony doped tin oxide (ATO) [91], SiC–S [90], and metal

carbides [89]. There are numerous articles on the topic of catalyst support

characterization for PEMWE [86–92], hence, this path was not taken to

study the activation losses.

(b) Increasing particle surface roughness for a given particle size. For example,

Tan et al. [96] synthesized a pompon-like Ir superstructure with a high

surface roughness. Various methods can be used to increase particle surface

roughness, such as modifying the particle morphology. Since the aim of

the thesis is the development of electrodes with existing catalyst, this route

was not explored.

(c) Enhancing the catalyst-electrolyte surface area. It might be achieved by

changing the CL microstructure. For example, it is hypothesized that, by

increasing porosity of the CL, more catalyst surface area might be exposed

to the electrolyte. An increased porosity can be achieved by decreasing

catalyst particle size [97] or by using pore formers [98]. One of the aims

of this thesis is to study the effect of the anode CL porosity on

the ECSA and PEMWE cell performance.

The catalyst-electrolyte surface area can also be enhanced by improving

the dispersion of the catalyst and ionomer in the CL to achieve a good cell

performance with low catalyst loading [99]. Uneven dispersion of ionomer
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will lead to a lower catalyst utilization. An appropriate fabrication method

which helps in uniform distribution of CL materials onto the substrate is

required. One of the aims of this thesis is to develop the CL

fabrication method to control the parameters affecting the CL

microstructure.

1.2.1.4.2 Ohmic region

The potential drop in the ohmic region arises from the resistance to electron flow

through the electrodes and cell components, as well as the resistance to the flow of

protons through the CL and the membrane [100]. The ohmic losses become signifi-

cant at mid to high current densities [101]. Some key properties that play a role in

determining the ohmic losses are catalyst loading, ionomer content in the CL, mem-

brane and CL protonic conductivity, membrane and CL thickness, contact resistance

between the layers, and electronic conductivity of the PTLs [76]. The protonic re-

sistance of the membrane and CL, and the electronic resistance of CL and all other

cell components result, usually, in a linear voltage loss with current density. A thin

membrane capable of maintaining low gas cross-over and an appropriate cell design

are required to keep these resistances as low as possible.

Previous studies in the literature aimed at reducing ohmic losses. The proton

transport resistance was reduced by:

1. Increasing the conductivity of the membrane. This would require developing

new membrane materials or a new membrane fabrication technique [102, 103].

2. Using thinner membranes. However, hydrogen cross-over would increase with a

thinner membrane. If cross-over can be mitigated, while using the thinner mem-

brane, for example by using recombination to reacting hydrogen that crosses

over, then the efficiency of the PEMWE cell can be improved [104].

3. Increasing the ionomer content in the CL. However, since there exists an opti-

mum ionomer loading for a given CL, increasing ionomer content may decrease

CL porosity, leading to a reduced reactant/product transport, and increase the
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electronic resistance as the ionomer prevents good contact between catalyst

particles [52, 105].

Methods of decreasing the electronic resistance are:

1. Reducing the ionomer content in the CL. A trade-off exists between the protonic

and electronic resistance. The ionomer might wrap around the catalyst parti-

cles [106] reducing the particle connectivity and removing electron conducting

pathways, however the ionomer is needed for proton conductivity.

2. Decreasing PTL thickness. Mo et al. [71] decreased electronic resistance by

decreasing the PTL thickness. However, a trade-off exist between electrical

resistance and mass transport, since a thin PTL might not be able to effectively

transport reactant/product to the channel from under the land areas.

3. Minimizing the formation of a passivation layer, which leads to an increase in

the contact resistance over time. Platinum coated Ti PTL and bipolar plate

are used to avoid passivation [107, 108].

Given the trade-offs between electron and proton transport losses, it is important

to understand the type of ohmic losses limiting the cell performance, so that an

optimal ionomer and catalyst loading can be achieved. To the author’s knowledge, no

studies in the literature have reported the protonic and electronic resistances of the CL

explicitly. Without this information, it is difficult to determine the optimal ionomer

loading. One of the objectives of this thesis is to develop a technique to

measure the protonic and electronic resistance of the CL.

1.2.1.4.3 Mass transport region

At higher current densities, voltage losses might be induced when oxygen gas bub-

bles partially block the liquid network in the CL and PTL, thus limiting the mass

transport of water to active sites [63, 64]. Properties such as the layer porosity, pore

size distribution, and the cell compression pressure will determine how well water is

transported through each layer [76]. Mass transport losses have been neglected by

many authors because transport limitations in thin electrodes have been shown to be

insignificant until 3 A/cm2 as compared to the other losses [85, 101, 109–111], and
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PEMWE cells usually operate at lower current densities. Indeed, no mass transport

losses were observed till 20 A/cm2 for one cell construction [61].

The performance of a PEMWE cell can change during cell operation due to the

accumulation of product gases within an electrode resulting in unreliable performance

(stability), and during its lifetime due to the chemical and mechanical degradation of

cell components [112]. The transient performance of the cell can be studied by current

holds and accelerated tests [112]. In this thesis, however, research was restricted to

the beginning of life performance of the cell. Degradation studies were not conducted

due to the limited number of experimental test stations, making long term testing

prohibitive.

The performance of PEMWE cells are highly dependent on the anode CL mi-

crostructure and hence, the focus of the thesis is to understand the parameters that

effect the ECSA and transport properties of the anode CL. Before any study on the

anode CL could be performed however, a fabrication technique that could be used to

manufacture well-controlled anode CLs with a variety of catalyst, different ionomer

loading, and with pore formers was needed.

1.2.2 Electrode fabrication

Membrane electrode assembly fabrication can influence the performance of the

PEMWE cell as well its operational lifetime [113]. The catalyst ink formulation, cat-

alyst deposition method and substrate, ionomer and catalyst loading, porosity of the

CL, and gas diffusion layer (GDL)/PTL, all influence the PEMWE cell performance.

Over the past three decades, a variety of CL fabrication methods and CL sub-

strates have been explored in the literature. Irrespective of the CL fabrication method,

the CL can either be deposited on GDLs/PTLs or membranes. If CLs are coated di-

rectly on the GDL or the PTL, the new layer is known as catalyst coated gas diffusion

electrode (GDE) or catalyst coated porous transport electrode (PTE). To make the

membrane electrode assembly (MEA), a PEM is sandwiched between two GDEs or
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Ti-PTL

IrO2
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C-MPL
C-GDL

CCM GDE

Figure 1.5 – State-of-the art membrane electrode assembly fabrication methods: (a)

schematic of the catalyst coated membrane (CCM) fabrication method, and

(b) schematic of the gas diffusion electrode (GDE) or the porous transport

electrode (PTE) fabrication method.

PTEs. If CLs are deposited directly on a membrane, then it is called a catalyst coated

membrane (CCM). An MEA is then manufactured by sandwiching the CCM between

two PTLs. A schematic of the two MEA fabrication processes is shown in Figure 1.5.

GDEs/PTEs have three technical problems: i) structural deformation due to the

hot pressing step, ii) catalyst loss through the porous PTL, and iii) poor protonic

conduction between the CL and PEM [113–115]. CCMs are known to offer higher

cell performance than GDEs/PTEs due to a better PEM-CL interface [113, 116–119].

CCM fabrication by direct catalyst coating to the PEM is simpler and more efficient

than by indirect coating, since the transfer of the CL to the membrane after coating

on a sacrificial substrate is not required [116]. Hence, in this thesis, CLs were de-

posited on the PEM.

To understand the parameters that affect the PEMWE cell performance, a suitable

CL manufacturing method capable of achieving accurate control of CL parameters,

such as porosity, catalyst and ionomer loading, is required. CLs are usually fabricated
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by either dry or wet deposition methods. The main difference between the two is that

in wet methods first a catalyst ink or slurry is fabricated and then deposited instead

of the dry, direct deposition of the materials. Examples of dry deposition methods

are dry catalyst spraying [120], chemical vapour deposition (CVD) [76, 117], and

physical vapour deposition (PVD) [40, 76, 117]. Examples of wet deposition meth-

ods include hand-brushing [121], screen-printing [122], doctor blade [116], roll-coating

[123], spraying [124], electrodeposition [125], and electro-spraying [126].

All CL fabrication methods have their own advantages and disadvantages. The

dry spraying method was developed at German aerospace center (DLR), where a

dry mixture of catalyst powder and dry ionomer was deposited on a GDL or mem-

brane [120]. The method is very fast and avoids the use of any solvents and drying

steps during the CL fabrication. It might allow continuous production for industrial

purpose. The main disadvantage of the dry catalyst spraying method is large ionomer

particle size and heterogeneous distribution, which limit high cell performance [120].

Chemical and physical vapour deposition methods are good for low catalyst loading

CLs, but are expensive due to costs associated with clean rooms, catalyst targets,

and ultra-high vacuum equipments. Moreover, the electrolyte cannot be deposited

simultaneously with the catalyst [127]. Therefore, there was a visible drop in perfor-

mance at very high current densities [117].

In wet deposition methods, a catalyst ink composed of catalyst and ionomer dis-

persed in an organic solvent is deposited on a substrate [40, 44, 74, 84]. This method

is known to cast a continuous network of ionomer that enhances the proton trans-

port [117]. Fabrication methods such as brush painting, screen printing, and doctor

blade are cheaper in terms of equipment and operating cost, but the CL thickness uni-

formity [74], CL surface smoothness [121, 122], and catalyst loading [121] are difficult

to control, which limits their ability to create functionally graded CLs. For screen

printing, another drawback is that larger particles tend to clog the screen and produce

irregular patterns on the substrate surface [121]. Roll-coating facilities are difficult

to set up and optimize for a given job and are better suited to large-scale, high-speed

production [128]. Spraying method could produce more uniform distribution of cat-
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alyst material, however a considerable amount of catalyst wastage occurs in the feed

line due to periodic clogging which could increase the cost of production. The elec-

trodeposition method is capable of producing low platinum loading of 0.05 mg/cm2,

however a dendritic structure is likely to form leading to an inhomogeneous surface.

The performance of the polymer electrolyte membrane fuel cell (PEMFC) varied due

to the CL fabrication method, even with the similar CL composition [129–132]. Ta-

ble 1.1 shows a comprehensive list of the fabrication methods used for the PEMWE

CL fabrication.

A promising approach for CCM fabrication is inkjet printing (IJP) because the

method, based on drop-by-drop deposition, allows for precise deposition control en-

abling the fabrication of low catalyst loading electrodes with high catalyst utilization

[129], conventional loading electrodes [130] and patterned electrodes [142]. Patterned

electrodes help in reducing the mass-transport losses at the macro-scale by having

pathways for the reactant gas and water transport across the electrodes. Further, the

method results in a very low catalyst waste. The method was introduced by Towne

et al. [128] and Taylor et al. [127], and has been successfully used in PEMFCs for

several years [129, 143–145]. However, the IJP method has not been used to fabricate

PEMWE cell CLs.

Inkjet printing method appears as a suitable fabrication method for PEMWE cells

and therefore, it was studied in this thesis. It is well suited for scientific studies due

to its high degree of control and the use of very small amount of catalyst. Given that

the anode of a PEMWE cell is commonly based on unsupported iridium or its oxide,

however, a substantially different ink for PEMWE cell is needed.

1.2.3 Controlling the catalyst layer porosity

The catalyst in a PEMWE cell is typically unsupported IrO2, and as a result, the

porosity of the CL is low, resulting in high activation and transport losses [74, 146].

As discussed earlier, the activation losses can be decreased by increasing the num-

ber of active surface areas. It is hypothesized that increasing the CL porosity might
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Table 1.1 – Summary of PEMWE cell CL fabrication methods described in the literature.

The numbers in parentheses indicate the loading in mg/cm2.

Ref. Fabrication Anode Cathode Membrane Temp E [V] @

Method [◦C] 1 A/cm2

[133] Decal IrO2 (3) Pt black (3) PFSA 80 1.59

[134] Decal IrO2 (3) Pt black (0.5) PFSA 80 1.53

[135] S-Decal IrO2 (4) Pt black (3) PFSA 80 1.56

[136] S-Decal IrO2 (0.5) Pt black (0.5) N115 80 1.78

[137] Spraying IrO2 (2) 40%Pt/CXC72 (2) N115 - 1.68

[23] S-Membrane IrO2 (2) 10%Pt/C JM (0.4) N115 80 1.65

[88] S-Membrane IrO2 (2) 20%Pt/C Etek (0.4) N115 80 1.65

[138] S-Membrane IrO2 (2) Pt black (2.5) N115 80 1.6

[40] Sputtering IrO2 (0.2) Pt/C (-) N117 80 1.85

[139] S-Membrane IrO2 (3) 30%Pt/C TKK (0.5) N112 80 1.66

[38] S-Membrane IrO2 (1.5) 30%Pt/C TKK (0.5) N1035 80 1.67

[42] Spraying IrO2 (3) 30%Pt/Vul XC72 (0.6) N115 80 1.72

[84] Spraying IrO2 (0.5) Pt/C (0.5) N212 80 1.57

[140] S-Membrane IrO2 (2.5) 30%Pt/C Etek (0.5) N115 80 1.7

[86] Decal IrO2 (1) 40%Pt/C JM (0.2) N212 80 1.64

[125] Electrodeposition IrO2 (0.1) 46%Pt/C TKK (0.4) N112 90 1.6

[74] Decal IrO2 (0.5) 46%Pt/C TKK (0.25) N115 80 1.72

[69] Brushing Ir (1.5) Pt (1) N112 80 1.69

[141] S-Mem IrO2-Spectrum (5) 30%Pt/CEtek (0.8) N115 80 1.9

Abbreviations: TKK = Tanaka Corp; JM = Johnson Matthey; Etek = BASF; S = sprayed catalyst; Mem =

membrane; E = Electrodeposition.
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increase the active surface area because more catalyst surface might be exposed to

the electrolyte. This hypothesis is supported by literature in direct methanol fuel

cell (DMFC) that showed an increase in ECSA with increased porosity [147]. The

increased porosity might also aid in the removal of gas bubbles from the electrode,

thereby leading to a lower overpotential at high current densities.

The porosity of the CL can be increased using pore formers. A pore former is

a sacrificial material that is added to the ink during preparation and removed af-

ter the CL has been fabricated, leaving behind empty pores. A brief summary of

literature on pore formers used in PEMFC is presented in Table 1.2. Pore formers

used in PEMFC can be broadly categorized in two groups based on how they were

removed after CL fabrication. The first group of pore formers, such as ammonium

carbonate [148, 149], ammonium bicarbonate [149], and ammonium oxalate [150], are

removed by thermal decomposition. For example, ammonium carbonate and ammo-

nium oxalate completely decomposed to ammonia, water, and carbon dioxide above

130 and 180 ◦C respectively [148]. The second group is removed by immersing the

CL in a solvent. For example, carbonate and bicarbonate of alkali- or alkaline-earth

metals can be dissolved in an acid [150, 151] and polystyrene latex microspheres are

dissolved in toluene and ethyl acetate [98, 152].

Researchers have utilized pore formers in order to increase electrode specific sur-

face area, porosity, and performance in PEMFC. Huang et al. [147] showed that, in

DMFCs, the electrode specific surface area in cm2
cat/g increased substantially with

an increase in the porosity facilitated by the addition of an MgO nanoparticles in

the CL, which were removed by immersing the MEA into a 0.5 M H2SO4 aqueous

solution overnight. Hartmut et al. [151] reported an improvement in the electrochem-

ical performance of PEMFC by using ammonium carbonate, ammonium oxalate, and

carbonate and bicarbonate of alkali- or alkaline-earth metals, which increased the

porosity between 0.4–0.75. Using a proprietary pore former, Gamburzev and Appleby

[153] were also able to improve the porosity of a PEMFC electrode. Zlotorowicz et al.

[98] used monodispersed polystyrene particles with diameters of 0.5 and 1 µm as pore

formers in PEMFC. These studies [98, 147–153] have demonstrated that the addition
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Table 1.2 – Pore former summary.

Ref.
Pore former Electrode Fabrication Characterization

Cell type
used type method method used

[148]
Ammonium

CCM Spray
MIP, IV curve,

PEMFC
carbonate CV, TGA

[149]

Ammonium

CCM

SEM, BET,

DMFCcarbonate and Spray MIP, IV curve,

hydrocarbonate EIS, TGA

[147]
Magnesium

GDE blade-coated
SEM, EIS,

DMFC
oxide IV curve, CV

[98] Polystyrene beads CCM Manual spray SEM, IV curve PEMFC

[150] Various CCM Spray SEM, IV curve, EIS PEMFC

[152]
Polystyrene

CCM Spray
SEM, MIP, CV

DMFC
beads IV curve, EIS

MIP: Mercury intrusion porosimetry, CV: cyclic voltammetry, TGA: Thermogravimetric analysis, SEM: scanning

electron microscopy, EIS: electrochemical impedance spectroscopy, BET: Brunauer–Emmett–Teller.

of pore formers can be used to increase the porosity, ECSA, and the performance of

PEMFCs. Hence, it may be able to improve the porosity, ECSA, and the performance

of a PEMWE. To the author’s knowledge, no studies have been performed on the use

of pore formers in PEMWEs.

The geometry of pore formers and the associated removal step can adversely affect

the electrode pore size distribution, and the membrane and catalyst, respectively. For

example, using ammonium carbonate and bicarbonate will generate ammonia during

thermal decomposition [148–150]. Song et al. [148] noted that the PEMFC cell per-

formance could decrease due to the presence of these small traces of ammonia [154].

Thermal decomposition requires heating of electrodes to a higher temperature where

membrane could get damaged. Inorganic pore formers, on the other hand, might have

very large size, e.g., the polystyrene particles used in ref. [98, 152] were 0.5 to 1 µm

in size, and /or might have irregular shape and sizes, leading to an excessively large

pore size distribution [152].
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The choice of material used as pore former and the method to remove it after

the CL fabrication have to be carefully chosen to limit the CCM damage. In the

case of PEMWE, carbon particles could potentially be used as pore former. Carbon

is known to undergo corrosion according to C + 2H2O → CO2 + 4H+ + 4e− at a

potential of 0.2 V vs. reversible hydrogen electrode (RHE), with meaningful corrosion

occurring between 0.8 and 1 V [33, 155, 156]. A PEMWE cell anode operates under

even stronger oxidative conditions, therefore any carbon incorporated in the anode

CL will be quickly oxidized to CO2 during cell operation, thereby eliminating the

potentially harmful intermediate steps that are used to remove other pore formers,

such as heating or immersing the CCM. This makes carbon an ideal pore former for

the anode CL of a PEMWE cell. This thesis will investigate the use of carbon as

a pore former to increase the porosity of the anode CL and the resulting impact on

ECSA and the PEMWE cell performance.

1.2.4 Electrode Characterization

One of the disadvantages of PEMWEs is their high cost. Cost reductions could be

achieved by operating the electrolyzer at high current densities, however this would

require reducing ohmic and mass transport overpotentials. The membrane protonic

conductivity, PTL electronic conductivity, and CL protonic and electronic conduc-

tivities play a critical role in determining the ohmic overpotential [76]. While the

membrane protonic conductivity and PTL electronic conductivity have been thor-

oughly investigated [54, 157–160], the measurement of the CL effective protonic and

electronic conductivities are seldom reported in the literature. In order to reduce

the cost of PEMWE cell by operating at high current densities, understanding the

protonic and electronic conductivity of the CL is necessary.

The electron and proton transport properties are highly dependent on the bulk

properties of the constituting materials, as well as the volume fraction and connec-

tivity of the solid and ionomer percolating networks. Therefore, the electronic and

protonic resistances of the CLs are likely to change significantly depending on the cat-

alyst used, e.g., iridium vs. iridium oxide, the amount of ionomer in the electrodes,
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and the fabrication method. As discussed previously, if the amount of ionomer is low,

the protonic resistance is likely to be high because a percolating network of ionomer

might not form. Increasing the amount of ionomer will reduce the protonic resistance,

but it may increase the electronic resistance by reducing the number of contact points

between catalyst particles. Further, the ionomer might reduce the CL porosity, lead-

ing to a reduction in reactant and product transport [52, 105]. Similarly, the use of

either pure metals or metal oxides could severely affect the CL electronic resistance;

therefore, developing a methodology to measure protonic and electronic resistances

is of paramount importance.

Measuring the protonic and electronic resistances of the PEMWE cell CLs is a

challenging endeavour because they are very thin, need to be supported by a substrate,

and can easily be damaged by contact. An ex-situ method to measure the protonic

resistance of the PEMWE cell anode CLs has not yet been developed, and thus far the

CL protonic resistance has only been estimated using either semi-empirical models,

e.g., ref [62], or using electrochemical impedance spectroscopy (EIS) with H2 and N2,

where H2 is used as the reference/counter electrode and N2 as the working electrode

[161, 162]. Bernt and Gasteiger [62] have reported protonic conductivities of CLs in

liquid water in the range of 3.1×10−2 to 0.63 S/cm with varying ionomer loading

and Babic et al. [161, 162] have reported in the range of 9.4×10−4 to 3.2×10−2 S/cm

for fully humidified CLs, depending on their thickness and the type of PTL used.

These methods however have several drawbacks. For example, the method used in

ref. 62 assumed an ionomer conductivity equal to that of a membrane despite reports

showing a substrate-dependent conductivity that is much lower than in membranes

[163], and used a tortuosity value estimated for PEMFC CL. Similarly, the H2/N2 EIS

method is only easy to interpret when the electronic resistance of the CL is negligible

and the potential distribution in the CL is uniform. Both works [62, 161] assumed

that the proton transport was limiting, as the electronic resistance of the anode CL

was neglected. As will be shown in this thesis, the electronic resistance of CLs made

of unsupported IrOx nanoparticles is not negligible, and the EIS spectra is therefore

difficult to interpret using standard equivalent circuits [164].
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In the PEMFC literature, several methods to measure the CL protonic resistance

have been proposed, which could serve as an excellent starting point for the devel-

opment of a method appropriate for the PEMWE cell CL protonic resistance mea-

surement. These methods are not directly applicable to PEMWE because they rely

on the assumption of a highly conductive catalyst support, usually carbon, and the

electronic conductivity of PEMWE cell CLs might be low. For example, the H2/N2

EIS method discussed above (see also Ref. 165–167) is commonly used in PEMFC;

however, it might not give accurate results for the PEMWE cell CL due to the un-

derlying assumption during the model development that the electronic resistance is

negligible. An alternate to the EIS method, Boyer et al. [168] estimated the protonic

resistance of a PEMFC CL by adding an intermediate layer (IL) between either two

membranes or electrode and membrane, and measuring the increase in cell resistance.

The ohmic cell resistance, R, was measured for each MEA by fitting the low cur-

rent density region of the polarization curve, i.e., 5 to 800 mA/cm2, to the standard

electrode equation,

Ecell = E0 − b log(j) − j R (1.4)

where Ecell is the cell potential, E0 is the Nernst potential, b is the Tafel slope, and

j is the current density. They stated that the accurate measurement of the effective

protonic conductivity is difficult using this method, as keeping the same cell condi-

tions for all MEAs is challenging. Iden et al. [169] measured the protonic resistance

of the PEMFC CLs by using a hydrogen pump technique where an IL, made only of

carbon support and ionomer, is sandwiched between two membranes and the protonic

resistance is obtained by one of two methods: 1) the difference between the overall

cell resistance during a H2 pump test for a CCM with and without the IL; or 2)

the difference between the overall cell resistance from the H2 pump test and the high

frequency resistance (HFR) of the same CCM with the IL. They found that, for an IL

made of carbon and ionomer, similar results could be obtained using both techniques.

The hydrogen pump method proposed by Iden et al. [169, 170] has been shown to

be suitable for evaluating the protonic resistance of an IL, however it is interesting

to note that Iden et al. [169] did not include platinum in their IL. No discussion was
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provided regarding the omission of the platinum. It is hypothesized, therefore, that

the presence of a catalyst in the IL that is active to both the hydrogen oxidation and

evolution reactions, such as platinum, could render the IL ‘invisible’ to the protons

crossing from the anode to the cathode. While Iden et al. [169, 170] could remove

the catalyst from their IL and still obtain protonic conductivity that would be rep-

resentative of a PEMFC CL, this is not possible for the unsupported catalysts that

are used in PEMWE cell. Therefore, the possibility of using this method to measure

the proton conductivity of a PEMWE cell anode CL and the possible appearance of

the reactive pathway must be investigated.

In order to fully understand the ohmic losses in the CL, the electronic conduc-

tivity of the CL also needs to be determined. The through-plane (TP) electronic

conductivity of compressed IrO2 powder was reported in the range of 3.9–64.2 S/cm

[91, 94, 171, 172]. The electronic conductivity of iridium powder has been shown to

increase with oxidation state, i.e., from +3 to +4 [173, 174]. The conductivity values

of catalyst powder provide on approximation of the CL electronic conductivity; how-

ever, these cannot be directly compared to a CL conductivity as the catalyst might

not be closely packed. Its compression level is unknown in the cell, and the addition of

the polymer electrolyte to the CL will likely decrease the number of electronic path-

ways [171]. The in-plane (IP) electronic conductivity has been measured by several

authors in literature [71, 79, 160]. Schuler et al. [160] used a four-probe method to

measure the electronic conductivity of several IrO2/TiO2 CLs with different ionomer

loadings under varying relative humidity (RH). They reported values in the range of

3–7 S/cm. The electronic conductivity, however, decreased by nearly three orders of

magnitude when the CL was immersed in liquid water. Mo et al. [71] used a four-

probe method to determine the electronic conductivity of a dry IrRuOx based CL.

They reported a value of 0.83 S/cm, significantly lower than the conductivity of a

PTL. Mo et al. [71] and Yang et al. [175] have shown that the in-plane electronic

conductivity affects the reaction site, i.e., the reaction occurs closer to the CL-PTL

interface as electron transport is limiting. Therefore, the catalyst utilization is low

[71, 79, 175, 176]. Given the wide range of measured electronic conductivity, and the

extremely low value measured in liquid water, accurate measurements of the elec-
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tronic conductivity of anode CLs is clearly needed to fully understand ohmic losses

in CLs.

In PEMFC literature, the reported values of the CL in-plane and through-plane

electronic conductivity vary by up to three orders of magnitude. For example, IP

electronic conductivity values of 0.1–3.9 S/cm [177–181] and TP electronic conduc-

tivity values of 7×10−4–2.5×10−3 S/cm have been reported [181]. Ahadi et al. [181]

hypothesized that the lower values of the TP electronic conductivity are due to in-

homogeneities in the CLs. As PEMFC and PEMWE cell CLs are fabricated using

similar methods, it is hypothesized that the TP electronic conductivity of IrOx layers

might be as low as the protonic conductivity, however to date, the TP electronic con-

ductivity of the PEMWE cell CL has not been studied. In order to provide further

insight into the ohmic losses in the PEMWE cell CLs, in-plane and through-plane

electronic conductivity of the PEMWE cell CLs need to be measured.

From the literature review, both proton and electron transport have been assumed

to be limiting; however, no study has performed a direct comparison between the

conductivity of the two phases in order to determine which is limiting, in large part,

because an experimental technique to determine the CL protonic conductivity had not

been proposed. This thesis aims to estimate the protonic and electronic resistances

of the unsupported anode PEMWE CLs at varying ionomer loading and RH. These

results provide the first ex-situ measurements of the through plane protonic and

electronic resistances of PEMWE cell CLs, and show that the electronic resistance

can be a significant source of ohmic overpotential for these electrodes.

1.3 Objectives

The overall objective of this thesis is to develop experimental fabrication and

characterization techniques to achieve the optimal design of anode PEMWE cell CLs.

To achieve this goal, three sub-projects were identified:

1. Development of inkjet printing as a technique for PEMWE electrode fabrication.
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2. Development of a hydrogen pump setup to measure protonic conductivity of

PEMWE cell electrodes.

3. Introduction of carbon nanoparticles as a pore former to control anode CL

porosity of PEMWE cell.

Inkjet printing is selected as the electrode fabrication method as it offers superior

control, uniformity, and repeatability for manufacturing a variety of CLs with differ-

ent compositions and in turn microstructure.

To minimize the ohmic losses in the CL, protonic and electronic conductivity need

to be measured. Therefore, the second objective of this thesis is to build a unique

setup to measure the protonic conductivity and to study the effect of ionomer loading

on protonic and electronic CL conductivities.

It is hypothesized that carbon can be used as a pore former in PEMWE cell anode

CLs to increase the porosity. Therefore, the third objective of this thesis is to study

the effect of a pore former on the CL porosity, ECSA, and PEMWE cell performance.

1.4 Structure of the report

This thesis is organized into five chapters. This chapter has provided the motiva-

tion and objective of the work. A detail literature review was performed to identify

the gaps in knowledge. In Chapter 2 the experimental methods used for the fabrica-

tion, ex-situ and in-situ characterization of the CCM, and obtained results, analysis,

and discussion are described to demonstrate inkjet printing is a novel and suitable

CCM fabrication method for the PEMWE cell CLs. In Chapter 3, a novel experimen-

tal method used for the measurement of the protonic and electronic conductivity of

anode PEMWE cell CLs are described, and the obtained results, analysis, discussion

are presented. In Chapter 4, the experimental methods used for the fabrication of

anode PEMWE CLs with a pore former are described and results from ex-situ and

in-situ characterization are presented. Finally, Chapter 5 summarizes the findings of

this work and provides an outlook on the future directions.
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Chapter 2

Inkjet printed PEMWE catalyst

coated membranes1

In order to find the physical phenomena limiting the PEMWE cell performance, a CL

fabrication method capable of manufacturing well-controlled anode CLs with different

catalysts and varying ink composition was required. In this chapter, a novel fabrica-

tion method, inkjet printing, was investigated to fabricate PEMWE cell CLs for the

first time. Compared to traditional fabrication methods, such as ultrasonic spray and

doctor blade, inkjet’s drop-by-drop deposition allows for accurate deposition control,

enabling the fabrication of variety of CLs, such as low catalyst loading, conventional

loading, patterned electrodes, while reducing catalyst waste. In this work, catalyst

ink suitable for inkjet printing using IrO2 from Alfa Aesar was developed. Using the

knowledge gained on ink development and printing conditions, ink recipes were also

developed for Ir and IrOx catalysts in next two chapters. Various ex-situ and in-situ

characterization methods were used to characterize the inkjet printed PEMWE cell

CLs.

1This chapter is partly based on M. Mandal, Antoni Valls, Niklas Gangnus, and Marc Secanell,

“Analysis of Inkjet printed catalyst coated membranes for polymer electrolyte electrolyzers”, Journal

of The Electrochemical Society, vol. 165 (7), p. F543-F552, 2018.
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2.1 Methods and materials

In order to demonstrate the suitability of inkjet printing for PEMWE cell CL

fabrication, an ink formulation suitable for jetting that enabled rapid evaporation of

the deposited ink needed to be developed, as well as, the development of suitable

hardware for PEMWE cell construction and testing.

2.1.1 Ink fabrication

The ink preparation and CL fabrication process can have a substantial impact

on the cell performance [114, 117]. In the case of inkjet printing, only inks with

appropriate viscosity, and surface tension can be successfully jetted. A dimension-

less Ohnesorge number, which relates the viscous forces to the inertial and surface

tension forces, can be used to characterize the formation of liquid drops for inkjet

printing [182]. The Ohnesorge number (Oh) is given by:

Oh =
µ√
ρσL

(2.1)

where µ, ρ, and σ are the dynamic viscosity, density, and surface tension of the fluid,

respectively, and L is the characteristic length scale (typically drop diameter).

Derby [182] proposed that the Ohnsorge number should be between 0.1 and 1 for

stable drop formation. At higher values of Oh, viscous dissipation prevents drop ejec-

tion, whereas, at low values, the primary drop is accompanied by numerous satellite

droplets. These satellite drops can create unwanted splashes on the target substrate

and a reduction in printing quality. Furthermore, to overcome fluid/air surface ten-

sion at the nozzle for ejection, a drop must have sufficient energy. Duineveld et al.

suggested a minimum velocity, vmin for drop ejection of [182]:

vmin =

(︃
4σ

ρdn

)︃1/2

(2.2)

where dn is the nozzle diameter.

Fluid formulation guidelines from Dimatix Fujifilm [183], the inkjet printer used

in this thesis, suggests that the ink formulation should have a viscosity between 10-
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12 cPs (1.0×10−2–1.2×10−2 Pa·s) at the operating temperature, a surface tension

between 28 and 33 dynes/cm (0.028–0.033 N/m), and have well-dispersed particles,

which must not settle rapidly or agglomerate. The latter would lead to the clogging

of 21 µm nozzles that were used to jet the ink. Previous literature has shown that the

use of isopropyl alcohol (IPA) and propylene glycol (PG), IPA and ethylene glycol

(EG), and even IPA and glycerol provide an ink with suitable viscosity and surface

tension. Shukla et al. [106] found IPA to be the best dispersing agent for carbon

among other solvents. IPA evaporates fast, which is ideal to create a porous struc-

ture, but, at the same time, it would not achieve proper jet due to the low viscosity

(Oh = 0.09, assuming jetted from a square nozzle of side 21 µm). Hence, PG was

added to increase its viscosity (Oh = 1.33) in ref. [130].

In order to disperse catalyst particles in fuel cells, the ionomer used in the electrode

has been shown to be suitable [106]. Based on the above, it was proposed in this

work to use an IPA-PG mixture with the desired ionomer content to achieve the

appropriate CL ionomer loading. The calculated Ohnesorge number of 50-50 wt.% of

IPA-PG mixture is 0.46, i.e., within the 0.1 and 1 range for a stable drop. To obtain

this number, the viscosity of the mixture is calculated using Grunberg-Nissan mixing

rule for liquid:

ln ηlmix =
N∑︂
i=1

xi ln ηli (2.3)

where ηlmix is the viscosity of the liquid mixture, ηli is the viscosity of the fluid

component i, and xi is the mole fraction of the component i. The calculated viscosity

is 5.3 mPa.s compared to the measured viscosity of 5.68 mPa.s from experiments.

The total density of the mixture is given by:

ρlmix =
N∑︂
i=1

mi/
N∑︂
i=1

Vi (2.4)

where ρlmix is the density of the liquid mixture, mi and Vi are the mass and volume of

the components i, respectively. Due to the lack of experimental equipment to measure

the surface tension of IPA and PG, the surface tension is taken to be the average of

individual values of IPA and PG.
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Figure 2.1 – Flowchart of the catalyst ink preparation.

Once an appropriate solvent was obtained, catalyst inks for the anode CL were

prepared by mixing 44.7 mg of IrO2 (99%, A17849, Alfa Aesar) with a total of 500 mg

of 50:50 wt.% mixture of IPA and PG. The mixture was ultra-sonicated at room tem-

perature for 60 minutes in a water bath (Branson 1800) having an output frequency of

40 kHz since such a technique has been shown to improve the cell performance [184].

Then 47 mg of Nafion solution (Liquion solution LQ-1105 1100EW 5 wt.%, Ion Power)

were added during continued sonication, drop-by-drop, to achieve a 5 wt.% Nafion

content in the anode CL. The mixture was then probe sonicated (QSonica S4000)

for 15 minutes (Amplitude 20, 2 minutes on, 1 minute off) and degassed for another

60 minutes. A flow chart of the catalyst ink preparation is shown in Figure 2.1. The

amount of ionomer added was calculated using the following relation

Yel =
mN

mN +mPt/C

(2.5)

where Yel is the Nafion loading in the CL, mN is the amount of solid Nafion to be

added and mPt/C is the amount of catalyst added.

The cathode ink was fabricated by mixing 37.5 mg of Pt/C (46.7 wt.%, Tanaka

Kikinzoku International (TKK)) in a 48:52 wt.% ratio mixture of IPA and PG fol-

lowing the process as described above. A 321 mg of Nafion solution was added to

achieve a 30 wt.% Nafion content in the cathode CL.
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2.1.2 CCM fabrication

A commercial inkjet material printer (Dimatix DPM-2800 series, Fujifilm) was

used to print the CL on Nafion membrane as shown in Figure 2.2a. Dimatix DPM-

2800 is a bench-top materials deposition system designed for micro-precision jetting

of a variety of functional fluids onto virtually any surface, including plastic, glass,

ceramics, and silicon, as well as flexible substrates from membranes, gels, and thin

films to paper products. The printer uses a piezo-electric material to control the

drop formation by inducing a pressure pulse inside the ink cavity by a mechanical

actuator as shown in Figure 2.3. A rapid change in volume inside the cavity forces

the ink to jet through the nozzle and draw more ink from the reservoir [182]. The

The cartridge used (DMC-11610), shown in Figure 2.2b, has 16 nozzles (21×21 µm

nozzle) that are spaced 254 µm apart from each other and achieve a drop volume

of 10 pL. In order to print, first the ink was degassed and then the cartridge was

filled with it. The “Dimatix Drop manager software” was used to control the printing

process. The droplet shape and size can be controlled by varying the applied voltage

waveform and voltage. In this case, the piezo-electric waveform in Figure 2.2c and

three different piezo-voltages (20 V, 26 V, and 32 V) were used (only for anode CL).

Our hypothesis was that this could be used to control CL structural properties, such

as porosity, to some degree because smaller drops would result in decreasing drying

time and increasing number of printed layers. Small droplets with minimal tails and

satellite droplets were achieved at lower piezo-voltage as shown in Figure 2.2d. For

printing, a drop spacing of 20 µm was used.

The catalyst was printed on a 5 cm2 area on the surface of either Nafion NRE211

or N117 membrane as shown in Figure 2.4. The catalyst loading was controlled by

the number of layers printed on top of the membrane. The vacuum platen in the

printer was maintained at 60 ◦C while printing on the membrane. After finishing the

printing, the membrane was dried at 80 oC for 2-3 hours before printing on the other

side of the membrane. The membrane was reversed and replaced on the same backing

sheet before printing the other side of the membrane.
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Figure 2.2 – Inkjet printer (a), cartridge (b), and waveform (c) used to fabricate the

electrodes. Droplet shape and size at piezoelectric voltage of 20 V (d), 26

V (e), and 32 V (f).
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Figure 2.3 – Piezo-electric drop-on-demand nozzle schematics showing jetting of the

ink drop by actuating the piezoelectric material.

(a) Anode electrode (b) Cathode electrode

Figure 2.4 – Printed CCM. (a) anode (IrO2), (b) cathode (Pt/C).
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2.1.3 Cell assembly and experimental setup

A single cell with a custom-made titanium plate with a single-serpentine channel

in the anode and a graphite plate also with a single-serpentine channel in the cathode

were used for testing. A sintered titanium PTL was used on the IrO2 (anode) side,

and a GDL (SGL 24BC, Sigracet) was used on the Pt/C (cathode) side. All the

components of the cell were arranged and tightened with 8 nuts and bolts using a

star-cross pattern to ensure uniform compression. A torque of 50 inch/lbs was applied

on the cell. The cell and water temperatures were maintained at 80 ◦C by a thermal

regulator/control (CN414-R1-R2, OMEGA). A variable power supply (1688B, BK

Precision) was used to power the electrolyzer in the range of current from 0.02 to 2

A/cm2 while a potentiostat (VersaSTAT 4, Princeston Applied Research (PAR)) was

used for current in the range of 0.2 to 100 mA/cm2. Cell voltage recording in the

range of 0 to 2 A/cm2 is performed by means of an Arduino card and a custom-built

software. Water supply at a rate of 9.1 ml/min (20 rpm) was provided by a peristaltic

pump (Minipulse 3, Gilson). Energy System Design laboratory have developed its

own experimental set-up, both hardware and software to carry out the research on

the electrolyzer. A schematic and an actual experimental set-up are shown in the

Figures 2.5 and 2.6, respectively.

2.1.4 Microscopic imaging

To understand the properties of the CL, characterization is necessary. As discussed

in the literature review, morphological features of the CL, such as porosity, pore size

distribution, CL thickness, and ionomer and catalyst dispersion, all contribute to the

cell performance. To study the surface defects such as cracks, CL thickness and ad-

herence of the CL to the membrane, various imaging techniques, such as scanning

electron microscopy (SEM), helium ion microscopy (HIM), focused ion beam SEM

(FIB-SEM), can be used. As observed in the literature, these structural features of

the CL is expected to be in the microscale range. For this range, SEM imaging could

provide the information needed on these defects. Studying the CL surface defects

is important because reactants can come in contact with the membrane through the

cracks; this might cause local membrane degradation and lead to the lifetime decrease
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Figure 2.5 – Schematic of the experimental setup.

Figure 2.6 – The experimental setup.
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[185]. Before SEM imaging, the CLs were analyzed for surface defects using transmit-

ting optical (Micromaster, BS200, Fisher Scientific (FS)) and stereoscopic (S8 APO,

Leica) microscopes before electrochemical experiments were performed.

SEM (Zeiss Sigma 300 VP-FESEM) was used to study the CL thickness and

microstructure. To take into account the inhomogeneities in the CL thickness, the

thickness was measured at several locations of a SEM image and several images were

taken into account. Using the CL thickness and ink composition, the CL porosity

was calculated to understand the effect of piezo-voltage on the porosity of CL. An

increase in the porosity with a decrease in piezo-voltage is expected.

The porosity of the CL was calculated based on the IrO2 layer thickness (tCL) and

composition using

porosity =
Vtot − Vs

Vtot

(2.6)

where Vtot is the total IrO2 layer volume (= 5 cm2× tCL) and Vs is the solid (IrO2+ionomer)

volume of the IrO2 layer, which is obtained from

Vs =
ms (1−WN)

ρIrO2

+
ms WN

ρN
(2.7)

where ms is the mass of the CL, i.e., iridium oxide and Nafion, WN is the ionomer

loading, and the densities used for IrO2 (ρIrO2) and Nafion (ρN) are 11.66 and 2

g/cm3, respectively.

One of the advantages of the inkjet printing is to disperse the catalyst and ionomer

evenly. To study the catalyst and ionomer distribution in the in-plane and through-

plane directions of the CL, various techniques can be employed such as energy disper-

sive X-ray spectroscopy (EDX) and scanning transmission X-ray microscopy (STXM).

Elemental analysis is required on a wider area of the sample to observe dispersion of

the catalyst and ionomer. STXM has high resolution mapping on the 20 nm scale. A

low resolution technique (EDX) would be sufficient to observe dispersion in the CL.

Moreover, most of the SEM equipment are equipped with EDX imaging capability.

Therefore, EDX imaging was chosen in association with the SEM imaging in this

thesis. EDX (Bruker Xflash Detector 6∥60) was used to observe the catalyst and
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ionomer distribution in the in-plane and through-plane direction of the CL.

Sample preparation is an important step for ex-situ characterization. A proper

sample will enable to take quality images. SEM samples can be prepared by two

methods i) cryo-fracturing the CCMs using liquid nitrogen, and ii) embedding CCMs

in epoxy and then polishing it. The cryo-fracturing method is less time-consuming

than epoxy embedding, and samples prepared by epoxy embedding are prone to

charging of the sample during imaging. Charging of the sample could be avoided by

HIM or carbon coating the SEM sample. With the latter, CL microstructure features

would be lost. Therefore, the cryo-fracturing using liquid nitrogen was chosen to

prepare the samples for imaging due to its simplicity and quality of the images. The

main drawback of this method is that a perfect perpendicular cross-section would not

be achieved. This drawback can be minimized by taking into account many images.

2.1.5 Cyclic voltammetry

In addition to the CL morphology, the literature review has shown that a good CL

has a high CL surface area and a good balance between proton, electron, and reactant

transport parameters. The number of active sites at the cathode and anode is a key

factor which determines the kinetic/activation loss in the cell. In PEMFC, it is com-

mon to estimate the ECSA of a porous CL through the application of cyclic voltam-

metry (CV) in the hydrogen underpotential deposition (HUPD) region in H2/N2 or

H2/water saturated electrolyte [186–188]. However, hydrogen underpotential is inef-

fective for oxide catalysts used for water oxidation [189]. Therefore, a relative measure

of ECSA can be estimated from the voltammetric charge obtained by integrating the

voltammogram in the potential range of 0.05 V to 1.2 V [190].

Cyclic voltammograms were obtained at 30 ◦C by flowing 0.2 slpm fully humidi-

fied H2 in the Pt/C (reference) electrode and either 0.05 slpm fully humidified N2 or

stagnant water in the IrO2 (working) electrode. Potential scans were performed at 40

mV/s from 0.05 to 1.2 V. The double layer capacitance (Cdl) was calculated using [81]:
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Cdl =
(△l/2)

ν
(2.8)

where △l is the thickness of the cyclic voltammogram in the double layer region (see

Figure 2.13) and ν is the scan rate.

2.1.6 Hydrogen crossover

Hydrogen cross-over measurement is important for the safe and efficient operation

of electrolyzers. A higher H2 cross-over can result in the formation of an explosive

environment in the anode channel. It also represents a loss of product hydrogen,

thereby decreasing the electrolyzer efficiency [191]. Hydrogen cross-over can be de-

termined using the cross-over current from a voltammogram [192]. In addition to a

CV, chronoamperometry tests was carried out at different voltages in order to esti-

mate hydrogen cross-over. The same cross-over from both the techniques is expected.

If cross-over is higher for the given membrane type then it will be known that the

membrane is damaged during the fabrication process.

Chronoamperametry tests were used to measure H2 cross-over. Experiments were

conducted at varying potential from 0.1 V to 0.5 V with a step increment of 0.1 V

for 200 seconds at each step. All other operating conditions were maintained as for

the cyclic voltametry test. The hydrogen cross-over flux (JH2) was calculated using

[193]:

JH2 =
i

n F
(2.9)

where i is the cross-over current density produced at a specific voltage, n is the number

of electrons transferred for hydrogen production, and F is the Faraday constant (96485

C/mol).

2.1.7 Polarization curve

To perform the experiments, the cell was conditioned first by applying current

densities of 0.02, 0.1, 0.2 and 1 A/cm2 for 15 minutes each and 5 minutes at 2 A/cm2.
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Then, polarization curves were obtained using the power supply by applying current

densities from 0.02 to 0.2 A/cm2 in 0.02 A/cm2 increments and from 0.2 to 2 A/cm2 in

0.2 A/cm2 increments. The cell was ran for 2 minutes at each current density and the

data was averaged over the last 10 seconds. Three forward sweep experiments were

performed to complete a full “Run”. Finally, the cell was cooled to room temperature

and the feed water was exchanged with fresh deionised water. The experiment was

then repeated to complete another full “Run”. This way, 3-4 Runs were carried out.

All the iV data (9–12 polarization curves) were averaged and then reported. To

compare the obtained cell potential with literature data, all the potentials were iR

corrected using:

EiR = E − ρ i tmem (2.10)

where EiR is the corrected potential, E is the actual potential, ρ is the resistivity,

taken as 6.67 Ω·cm for iR correction, i is the current density, and tmem is the mem-

brane thickness. The value of resistivity (6.67 Ω·cm) is based on a fully humidified

membrane conductivity of 0.15 S/cm at 80 ◦C which is in agreement with data from

ref. [194, 195].

Electrochemical impedance spectrometry (EIS) was used to measure the HFR of

the assembled cells. The HFR of 0.2 and 0.08 Ω·cm2 were obtained for CCMs with

N117 and NRE211 membranes, respectively. A linear fit of the HFR with membrane

thickness was used to estimate a membrane resistivity of 7.88 Ω·cm, which is in line

with the value of 6.67 Ω·cm used to correct for membrane thickness as discussed

above.

2.1.8 Kinetic parameters

To understand the activity of the catalyst, kinetic studies were carried out. Tafel

curves were obtained using a potentiostat (VersaSTAT 4, PAR) for current densities in

the range of 0.2 to 100 mA/cm2. To obtain kinetic parameters, the curves were fitted

to a line using MATLAB. The overpotential is calculated as the difference between

the cell potential and the theoretical potential (1.18 V) at operating conditions.
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Figure 2.7 – Equivalent circuit for analysis of the impedance spectra.

2.1.9 Electrochemical impedance spectroscopy

As the PEMWE cell is an electrochemical device, different voltage loss mecha-

nisms occurring in the cell at different current densities need to be studied. The

impedance spectra can determine both the resistive and capacitive properties of the

cell. It can also reveal if there are any mass transport losses. The impedance spectra

are generally fit to the equivalent circuit as shown in Figure 2.7. The high-frequency

impedance spectra intercept with the real axis is the HFR which includes protonic re-

sistance of the membrane and the CL, electronic resistance of the CL, bipolar plates,

PTLs, and all interfacial contact resistances. The cathode charge transfer resistance

accompanied by double layer effects in the electrode is given by Rct1 and CPE1, re-

spectively. The charge transfer and the mass transport resistance in the anode are

represented by Rct2 and Warburg element (W), respectively. The constant phase el-

ement (CPE2) in parallel to Rct2 and W represents the double-layer capacitance of

the anode. Therefore, the EIS test was carried out and inkjet printing will be consid-

ered successful if the obtained resistances of the cell are lower or comparable to the

literature.

Galvanostatic EIS measurements were performed at constant current densities

of 0.02, 0.05, 0.1, 0.15, 0.2, 0.5, 1, 1.5, and 2 A/cm2 using a sinusoidal current of

amplitude less than 10% of the total current except at 0.02 A/cm2 (20%) and a

frequency range between 30 kHz–50 mHz (50 points per decade). The Pt/C electrode

was used as the reference electrode and the IrO2 electrode (anode) was used as the

working electrode. The cells were maintained at 80 ◦C and the water flowrate was

set to 9.1 ml/min. The impedance spectra were fitted to different equivalent circuit

depending on the obtained spectra using “zfit” MATLAB code [196] in order to
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estimate the HFR (RΩ), charge transfer resistance (Rct) and double layer capacitance

(Cdl).

2.1.10 Stability test

The degradation of the PEMWE cell can be categorized into three categories:

i) degradation of the membrane [197], ii) degradation of the catalyst [107], and iii) pas-

sivation of the titanium components [107]. As mentioned earlier, cracks in the CL

may lead to membrane degradation [185]. Improper distribution of ionomer may lead

to catalyst dissolution and aggregation [198]. The fabrication method influences crack

formation [185, 199] and ionomer dispersion [113]. Hence, knowing the stability of the

CCMs is important, which determines the suitability of the fabrication method. The

cell was run for 24 h to determine the degradation rate of the CCMs and compared

to the literature. If the degradation is lower or comparable to the literature, then

fabricating CLs by inkjet printing method will be considered successful. In order to

study the inkjet printed CL stability, the cell was run at 0.3 and 1 A/cm2 for 24 h at

80 ◦C with water flow rate of 9.1 mL/min.

2.2 Results and discussion

A summary of all the fabricated CCMs and their loadings are presented in Table

2.1. The loading was calculated using the gravimetric method [200]. CCMs that were

printed at the same time have the same loading.

2.2.1 Ex-situ characterization

2.2.1.1 Microscopic imaging

The microscopic images of half CCMs were captured using the optical transmission

microscope as shown in Figure 2.8. It can be seen from Figures 2.8a and 2.8b and

Table 2.1 that the IrO2 CLs prepared at high piezoelectric voltage require fewer layers

but have many microscale cracks. The cracks, however, disappeared when the printing

piezo-voltage was decreased (Figures 2.8e and 2.8f). These cracks appear to play a
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Table 2.1 – Summary of fabricated CCMs

Name Piezo- Membrane No. of layers Loading (mg/cm2)

voltage (V) of anode side IrO2 Pt

CCM-1-32V-N117 32 N117 8 1.17 0.10

CCM-2-32V-N117 32 N117 8 1.17 0.10

CCM-1-26V-N117 26 N117 25 1.11 0.11

CCM-1-20V-N117 20 N117 43 1.11 0.11

CCM-1-32V-N211 32 NRE211 8 1.17 0.10

CCM-1-20V-N211 20 NRE211 43 1.11 0.11

minor role in the electrochemical performance.

2.2.1.2 SEM and EDX imaging

Figure 2.9 shows SEM cross-sectional and surface images of the IrO2 CL printed

on N117 with a piezo-voltage of 32 V. Figures 2.9a and 2.9b show very good at-

tachment between the electrode and the membrane. Figure 2.9d shows the catalyst

particle size is non-uniform. The measured anode CL thickness is shown in the Ta-

ble 2.2 along with the literature data. Based on the ink composition, loading and

the CL thickness, the porosity of the IrO2 electrode was calculated to be as shown

in Table 2.2. The porosity of the inkjet printed CLs is much lower than the 50-60

%, usually observed on Pt/C CLs in fuel cells and other values reported in literature

for electrolyzer electrodes. It is close to the densest regular packing (rhombohedral

packing) of uniform spheres, i.e., 25.95% [201]. As the particles are non-uniform, the

expected porosity can be lower than that of a rhombohedral packing as in the case

of CL printed at 20 V piezoelectric voltage. The higher porosity of the CLs printed

at 32 V and 26 V is likely due to the cracks in the CLs.

Figure 2.10 shows the EDX imaging of the CL cross-section. From the image, it

can be seen that the catalyst and the ionomer are distributed evenly in the cross-

section of the CL. The estimated mass percentage of fluorine, iridium and oxygen

is 4, 79.7 and 16.3 respectively, in the cross-section of the CL by forcing all other

elements to be zero. These are in agreement with the expected amounts of F, Ir and
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Figure 2.8 – Optical transmission microscope images at magnification of 4 X (a), (c),

(e) and 10 X (b), (d), (f).
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Table 2.2 – Comparison of CL thickness for different fabrication methods

Ref Fabrication Anode catalyst CL thickness CL thickness Porosity

method loading (mg/cm2) (µm) (µm/(mg/cm2)) (%)

[74] Decal 0.4 (IrO2) 1.1 2.75 49

[52] Spray Decal 1.5 (Ru0.7Ir0.3O2) 20-30 13.3-20 78-86

[202] Electrodeposition 0.1 (IrO2) 0.5 5 72

CCM-1-32V-N117 Inkjet 1.17 (IrO2) 1.87 ± 0.15 1.6 29

CCM-1-26V-N117 Inkjet 1.11 (IrO2) 1.69 ± 0.14 1.52 26

CCM-1-20V-N117 Inkjet 1.11 (IrO2) 1.38 ± 0.15 1.32 10

Figure 2.9 – SEM images of the anode of CCM-1-32V-N117 CL. Cross-section (10k

X) (a) and (b), and top surface at 5k X (c) and 50k X (d).
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(a) (b)

(c)

Figure 2.10 – SEM (a), and EDX fluorine (b), and iridium (c) maps of the catalyst

layer cross-section after the electrochemical tests.

O assuming IrO2 catalyst was used and 5 wt.% Nafion, i.e., 3, 80.3 and 14.2 taking

carbon and sulphur into account. These demonstrate the ink mixing and drop-by-

drop deposition do not alter the catalyst morphology and can print Nafion well. The

homogeneous Nafion distribution is in agreement with STXM results in literature for

fuel cell CLs fabricated by IJP [131]. A Nafion rich layer near the membrane can also

be observed from the F-map (Figure 2.10b).
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2.2.2 Polarization curves

Electrolyzer performance was measured on the fabricated CCMs. To estimate the

reproducibility of the experiment, two cells printed at 32 V piezo-voltage with N117

membrane were tested. Figures 2.11a and 2.11b show that only small difference exist

between the two printed cells, thereby proving the repeatability of the method.

The effect of printing piezo-voltage on polarization curve is shown in Figures 2.11c

and 2.11d. From the figures, it can be observed that the performance increased slightly

with decreasing piezo-voltage. The increased performance might be associated with

the change in morphology and crack density observed in Section 2.2.1.1. The in-

creased performance, however, might not be enough to justify the increase in the

printing time associated with the increase in number of layers. Figure 2.11e shows

the effect of membrane thickness on the cell polarization curve. The thinner mem-

brane offers less transport resistance and hence better performance.

Figure 2.12 shows the comparison of the obtained iR-corrected potential of inkjet

printed CCMs at 1 A/cm2 with the published iR-corrected potentials at the same

current density. It can be observed that the inkjet printed CCMs outperformed most

data in the literature. Ref. [84] and ref. [86] have similar performance to inkjet

printed CCMs at similar operating condition and for similar catalyst loading per

square centimeter. Only ref. [125] has a better performance with a lower catalyst

loading than inkjet printed CCMs due to a higher cell operating temperature (90 ◦C).

2.2.3 Cyclic Voltammetry

Estimation of the ECSA of iridium oxide CLs used in electrolysis is challenging

because hydrogen underpotential deposition and carbon monoxide oxidation are in-

effective [189], therefore Cdl is used in this section as a relative measure of the ECSA

by assuming that the ECSA will scale proportionally to the total surface area as

also proposed in previous literature [139]. The voltammetric charge, q*, obtained

by integration of the voltammogram over the whole potential scan range i.e. from

0.05 V to 1.2 V (both positive and negative sweep), which has also been assumed to
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Figure 2.11 – Polarization curves for two similar samples (a) and (b), samples fab-

ricated at different piezo-voltage (c) and (d), and samples with different

membrane thickness (e) and (f).
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Figure 2.12 – Potential at 1 A/cm2 as a function of anode loading.
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be proportional to the ECSA in previous literature [190, 203]. The computed charge

density is shown in Table 2.3 and found out that it is, in fact, proportional to the

Cdl. Hence, it would not be wrong to say that Cdl can also provide relative measure

of the ECSA. Figure 2.13 shows the voltammograms obtained by CV test of different

CCMs. The CV tests were carried out with both water and nitrogen on the anode

side of the electrolyzer cell to achieve an inert environment [187]. Overall features of

the voltammograms are similar to those observed in the literature [23, 139, 204]. It

can be observed that a double layer region extends from 0.35 to ca. 0.5 V.

Table 2.3 shows the estimated double layer capacitance (Cdl) obtained from the

voltammograms for the different cells tested. The calculated Cdl from ref. [23] is in

the range of 18–65 mF/cm2 using the Equation 2.8. The Cdl obtained in this work

is in the range 18–27 mF/cm2, similar to that reported in ref. [23]. The reason for

the higher Cdl in ref. [23] is due to the higher catalyst loading (2 mgIrO2/cm
2) and

smaller particle size (5-100 nm).

Table 2.3 also shows the estimated voltammetric charge (q*) obtained from in-

tegration of the voltammogram current for the different cells tested. The q* value

reported in ref. [190] is between 6–300 mC/cm2 for Ir0.3Ti0.7O2 catalyst. Pathiraja

et al. [205] reported 67.93 and 102.8 mC/cm2 for Ti/IrO2-SnO2 catalyst prepared

from two different Ir metal concentration precursors. Papaderakis et al. [164] re-

ported 103.95 mC/cm2 for IrO2 catalyst with 1 mg/cm2 catalyst loading. Alvesa

et al. [206] reported in the range of 50–250 mC/cm2 for Ti/Ir0.3Ti(0.7−x)CexO2 cata-

lyst. The obtained q* in this article is in good agreement with the literature data.

2.2.4 Hydrogen crossover

In order to study the membrane damage during the fabrication process, hydro-

gen crossover tests were carried out. Table 2.3 also shows hydrogen cross-over flux

for all the cells. The obtained hydrogen crossover is inversely proportional to the

PEM thickness. Membrane permeability was estimated to be between 1.13×10−14 to

1.92×10−14 mol(m·Pa·s)−1, in agreement with literature values which are in the range
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Figure 2.13 – Cyclic voltammograms of N117 and NRE211 CCMs.

Table 2.3 – Double layer capacitance, Charge and H2 cross-over of all CCMs.

Name with water with N2

Cdl Charge (q*) JH2
× 10−10 Cdl Charge (q*) JH2

× 10−10

[F/cm2] [mC/cm2] [mol/(cm2s)] [F/cm2] [mC/cm2] [mol/(cm2s)]

CCM-1-32V-N117 0.0229 77.17 8.638 0.0216 75.39 6.653

CCM-2-32V-N117 0.0187 66.81 7.902 0.0151 59.61 7.851

CCM-1-26V-N117 0.0254 86.72 9.61 0.0231 82.16 7.34

CCM-1-20V-N117 0.0271 92.28 10.93 0.0250 88.52 7.05

CCM-1-32V-N211 0.0178 62.41 44.97 0.0177 62.98 47.54

CCM-1-20V-N211 0.0205 77.69 58.71 0.0198 76.67 58.67

49



of 0.987×10−14 to 1.97×10−14 mol(m·Pa·s)−1 [191, 207–210].

The hydrogen cross-over flux was observed to be higher when experiments were

carried out with liquid water than fully humidified nitrogen in the case of Nafion N117

membrane CCMs, and similar in the case of Nafion NRE211 membrane CCMs. The

hydrogen cross-over flux of Nafion membranes is expected to increase with membrane

water content [211–214]. The amount of water per sulfonic acid group is ∼20 when

Nafion 117 is immersed in water and is ∼13 for fully humidified gas at 30 ◦C [214].

Whereas, the water content of Nafion NRE211 membrane is similar for both fully

humidified gas and liquid water (∼13) [195]. Hydrogen permeability values for vapour

and water equilibrated N117 membranes were not found in the literature, however,

Schalenbach et al. [211] reported that the H2 permeability of Nafion N212 at 80 ◦C

as a function of relative humidity and found, as expected based on the small change

in the water content observed by Peron et al. [195] in NRE211 membrane, only small

differences in H2 permeability, i.e., ∼3.5%, when measured using a fully humidified

gas carrying liquid water and a fully humidified gas.

2.2.5 Kinetic parameter

To understand the activity of the catalyst, kinetic studies were carried out. Fig-

ure 2.14 shows the Tafel plot for CCM-1/2-32V-N117 and CCM-1-32V-N211 cells.

Table 2.4 shows the comparison between obtained kinetic parameter for all the inkjet

printed CCMs with kinetic parameters calculated from literature data. The obtained

Tafel slopes are similar to those in literature [23, 84, 138]. The exchange current

density, once normalized to be per gram of IrO2, appears to be in line with literature

data. It is higher than the values obtained in ref. [23] and [88] but 2-4 times lower

than Ref. [138], [40] and [84]. The low exchange current density observed highlights

that the commercial catalyst used might not be very active, which makes the good

performance of the IJP electrodes more remarkable.
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Figure 2.14 – Tafel plot for CCM-1-32V-N117 (a), CCM-2-32V-N117 (b), and CCM-

1-32V-N211 (c) CCMs.

Table 2.4 – Comparison of obtained kinetic parameters from Tafel plot with literature

data.

Name i0 (A/cm2) b (mV/dec) i0 (A/mgIrO2
)

From data in ref. [23]a 2.304 ×10−8 49 1.15 ×10−8

From data in ref. [88]a 4.778 ×10−7 38 2.39 ×10−7

From data in ref. [138]a 4.033 ×10−6 51 2.02 ×10−6

From data in ref. [40]a 6.743 ×10−6 55 1.69 ×10−5

From data in ref. [84]a 5.521 ×10−6 48 1.84 ×10−6

CCM-1-32V-N117 3.67 ×10−7 46.89 3.14 ×10−7

CCM-2-32V-N117 7.15 ×10−7 48.88 6.11 ×10−7

CCM-1-26V-N117 6.45 ×10−7 46.24 5.86 ×10−7

CCM-1-20V-N117 6.98 ×10−7 45.77 6.35 ×10−7

CCM-1-32V-N211 5.10 ×10−7 44.79 4.36 ×10−7

CCM-1-20V-N211 3.55 ×10−7 44.11 3.23 ×10−7

a Calculated by fitting a Tafel curve to the extracted data from polarization curve below 100 mA/cm2 current density

provided in the articles.
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2.2.6 Electrochemical impedance spectroscopy

Galvanostatic EIS tests were performed to study different voltage loss mechanism.

Figure 2.15 shows EIS results at different operating currents and the fitted spectra

based on the equivalent circuit in Figure 2.16a which is used to obtain the HFR (RΩ),

charge transfer resistance (Rct), and double layer capacitance (Cdl). The figure shows

the model to be appropriate for reproducing the experimental data. The absence of

a 45◦ line at high frequency for all the cells indicates that the CL proton transport

losses are small in comparison to the charge transfer losses [129].

Using the model and plotting the different parameters versus current density in

Figure 2.16 shows the charge transfer resistance, Rct, decreased with an increase in

the current as expected. It is observed that the Rct remained constant irrespective

of the membrane thickness at a given current, i.e., 0.13 Ω·cm2 at 1 A for all IJP

CCMs. The obtained Rct value is in line with the data reported by Siracusano et al.

(0.14 Ω·cm2 at 1.5 V) [42].

The value of the double layer capacitance, Cdl, obtained by CV and EIS are similar

at low current, i.e., 0.0229 and 0.0209 F/cm2 for CCM-1-32V-N117, respectively. At

higher current, the value of the Cdl decreases. This decrease might be an indication

of liquid water being displaced by oxygen bubbles in the CL. Tests at lower tem-

perature, however, where O2 solubility is higher, did not change the observed trend.

Therefore, the reason for the decrease in double layer capacitance needs further study.

The obtained HFR value is proportional to the membrane thickness which is sim-

ilar to the value reported by Siracusano et al. (0.18 Ω·cm2, N115) [42] and Su et al.

(0.167 Ω·cm2, N212) but lower than those reported in ref. [215] (1.53 Ω·cm2, N117)

and [216] (1 Ω·cm2, N117).

Comparing the values for the different fabricated CCMs shows that RΩ and Rct

remain constant with decreasing piezo-voltage. The Cdl for cell printed at 32 V piezo-

voltage is slightly lower as compared to the cells printed at 26 and 20 V, in agreement
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Figure 2.15 – Electrochemical impedance spectroscopy and numerical fits used to

estimate parameters for N117 CCMs (a), and N211 CCM (b).

with CV data.

2.2.7 Stability test

Figure 2.17 shows the cell potential over 24 hours for CCM-1-32V-N211 at 0.3 and

1 A/cm2 along with the data from [139] and [84]. The degradation rate obtained for

CCM-1-32V-N211 cell at 0.3 A/cm2 is 1.413 ×10−4 mV/sec, half that in ref. [139]

(2.833 ×10−4 mV/sec). At 1 A/cm2 the degradation rate is 3.66 ×10−4 mV/sec com-

pared to 2.174 ×10−4 mV/sec in ref. [84]. The cell potential is more stable than the

data from ref. [139] where an N112 membrane and 3 mgIrO2/cm
2 catalyst loading on

the anode side were used.

2.2.8 Comparison with literature data

In order to evaluate the performance of inkjet printed CLs, Figure 2.18 compares

the obtained polarization curves with published polarization curves from 2010 to 2012

for all catalysts such as Ir, IrO2, RuO2, Pt/Ir, IrO2/SnO2, and RuxIryO2 [33] and a

commercial CCM (Ion Power) tested in our laboratory. It can be observed that the

obtained polarization curve lies within the published data. However, due to the low
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Figure 2.16 – Parameters evaluated from EIS data fitting to the equivalent circuit

shown in (a).

Figure 2.17 – Comparison of stability test at 1 A/cm2, Ref. [139] and [84] have loading

of 3 mgIrO2/cm
2.
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Figure 2.18 – Comparison of polarization curves with published data

kinetic activity of the commercial catalyst and the low IrO2 loading of the inkjet

printed CCMs, the kinetic losses are higher than most of the data in the literature.

The activity of the commercial CCM is much better than the IJP CCMs. However,

it seems to suffer from mass transfer losses at higher current density.

In order to provide a more meaningful comparison and remove ohmic resistance

effect, the potential obtained at a current density of 1 A/cm2 and 80 ◦C is tabulated

in Table 2.5 with data from the literature for electrolyzers with similar IrO2 loading.

The iR corrected potentials are obtained using the PEM resistivity value discussed in

the previous section (6.67 Ω·cm) for all cases. It can be observed that the IJP CCMs

performance is similar or better than most of the CCM in the literature with similar

loading and catalyst, even though the catalyst activity was shown to be poor (low

exchange current density). Only one CCM has a higher performance, however the

catalyst loading is double. These results show that the IJP can produce CCMs that

are competitive with current fabrication techniques.
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Table 2.5 – Summary of PEM water electrolysis described in the literature. The num-

bers in parentheses indicate the loading in mg/cm2. All data is at 80 ◦C cell

temperature.

Ref Fabrication Anode Cathode Membrane E [V] EiR [V]

method @ 1 A/cm2

[136] S-Decal IrO2 (0.5) Pt black (0.5) N115 1.78 1.695

[137] S IrO2 (2) 40%Pt/CXC72(2) N115 1.68 1.595

[23] S-Mem IrO2 (2) 10%Pt/CJM (0.4) N115 1.65 1.565

[88] S-Mem IrO2 (2) 20%Pt/CEtek (0.4) N115 1.65 1.565

[138] S-Mem IrO2 (2) Pt black (2.5) N115 1.6 1.515

[40] Sputtering IrO2 (0.2) Pt/C N117 1.85 1.731

[139] S-Mem IrO2 (3) 30%Pt/CTKK (0.5) N112 1.66 1.626

[38] S-Mem IrO2 (1.5) 30%Pt/CTKK (0.5) N1035 1.67 1.619

[42] Spraying IrO2 (3) 30%Pt/CXC-72 (0.6) N115 1.72 1.635

[84] Spraying IrO2 (1) Pt/C (0.5) N212 1.625 1.591

[140] S-Mem IrO2 (2.5) 30%Pt/CEtek (0.5) N115 1.7 1.615

[86] Decal IrO2 (1) 40%Pt/CJM (0.2) N212 1.64 1.606

[125] E IrO2 (0.1) 46%Pt/CTKK (0.4) N112 1.6 1.566

[74] Decal IrO2 (0.5) 46%Pt/CTKK (0.25) N115 1.72 1.635

[69] Brushing Ir (1.5) Pt (1) N112 1.69 1.656

CCM-1/2-32V-N117 Inkjet IrO2 (1.17) 46%Pt/CTKK (0.1) N117 1.743 1.624

CCM-1-26V-N117 Inkjet IrO2 (1.11) 46%Pt/CTKK (0.1) N117 1.73 1.611

CCM-1-20V-N117 Inkjet IrO2 (1.11) 46%Pt/CTKK (0.1) N117 1.716 1.597

CCM-1-32V-N211 Inkjet IrO2 (1.17) 46%Pt/CTKK (0.1) N211 1.608 1.591

CCM-1-20V-N211 Inkjet IrO2 (1.11) 46%Pt/CTKK (0.1) N211 1.615 1.598

Abbreviations: TKK = Tanaka Corp; JM = Johnson & Matthey; Etek = BASF; S = sprayed catalyst; Mem =

membrane; E = Electrodeposition.
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2.3 Summary and discussion

The inkjet printing method was studied as a novel fabrication method for PEMWE

CCMs. The anode catalyst ink recipe was developed using IrO2 catalyst from Alfa

Aesar. IrO2 and Pt/C inks were deposited with varying piezoelectric voltage over

the membrane to fabricate anode and cathode CLs, respectively. The printing time

increased by more than five times when printed at piezoelectric voltage of 20 V as

compared to at 32 V. The fabricated CCMs were assembled to test the cell. An elec-

trolyzer test station was built to test the assembled cells.

Optical microscopy, SEM, and EDX were used for ex-situ characterization of the

anode CL morphology for surface and thickness characterization. SEM images showed

the CL was uniform and well adhered to the membrane. The CL printed at a high

piezoelectric voltage of 32 V had many cracks in it and the crack density decreased

with a decrease in the piezoelectric voltage. The CL porosity decreased with a de-

crease in the piezoelectric voltage, which can be ascribed to the decreased crack

density, a decrease in CL thickness due to higher number of printed layers which

compacted the layer, and non-uniform catalyst particle size. However, it might be

possible that the majority of the CL porosity when printed at higher piezoelectric

voltage is due to the CL cracks. If the porosity due to cracks is subtracted, then it

might be possible that the actual CL porosity is lower than the CL porosity when

printed at lower piezoelectric voltage. The EDX images showed even distribution of

the catalyst and ionomer in the CL.

Hydrogen cross-over, CV, and EIS tests were performed to estimate hydrogen

cross-over, double layer capacitance, and HFR. Cross-over results showed that the

membrane was not damaged during the printing process. A kinetic study revealed

Tafel slopes similar to those in literature. The CV test showed an increase in the ac-

tive area with a decrease in the piezo-voltage, which might be due to a well dispersed

catalyst and ionomer. This mean that the active area increased with a decrease in

porosity. However, the actual CL porosity at high piezoelectric voltage might be

lower than the CL porosity at lower piezoelectric voltage as discussed above. Inkjet
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printed electrolyzer CCMs showed repeatable electrochemical performance. The elec-

trolyzer performance improved slightly when the printing piezo-voltage decreased,

which might be due to a thinner CL. The degradation rate from the stability test of

the cell was inline with literature data.

The fabricated CCMs outperformed most of the previously reported electrolyzer

data in the literature using commercial IrO2 catalyst. The ex-situ and in-situ char-

acterization of the inkjet printed CCM showed that the inkjet printing method is

suitable to fabricate PEMWE electrodes with small amount of catalyst ink and min-

imal wastage. This will enable the fabrication of CCMs with variety of catalysts,

better control of parameters that affects the CL microstructure such as catalyst and

ionomer loading, which is required for the next two objectives of the thesis. Due to

longer printing time at lower piezoelectric voltage with only a slight improvement in

performance, a piezoelectric voltage of 32 V was used for CCM printing in subsequent

chapters to minimize the printing time and to avoid the compaction of CLs.
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Chapter 3

Novel technique to estimate

effective protonic conductivity of

PEMWE anodes1

The cost of the PEMWE could be reduced by operating the PEMWE at high current

density. One of the ways this could be achieved by decreasing the ohmic losses. The

PEMWE anode CL protonic resistance has only been estimated using either semi-

empirical models [62] or using EIS with H2 and N2 [161, 162]. These methods are

associated with several drawbacks, such as assuming an ionomer conductivity equal

to that of a membrane, neglecting electronic resistance of the CL, and uniform po-

tential distribution on the CL. An ex-situ method to measure the protonic resistance

of the PEMWE anode CLs has not yet been developed. In this chapter, the protonic

conductivity of the anode CL is measured by using a novel setup utilizing a hydro-

gen pump technique. In order to fully understand the ohmic losses in the CL, the

electronic conductivity of the CL was also measured using a two-probe method. Two

1This chapter is partly based on M. Mandal, Michael Moore, and Marc Secanell, “Measurement

of the Protonic and Electronic Conductivities of PEM Water Electrolyzer Electrodes”, ACS Applied

Material & Interfaces, vol.12 (44) p. 49549-49562, 2020.
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catalysts, Ir and IrOx, were used to understand the effect of protonic and electronic

conductivities on the OER distribution in the anode CL.

3.1 Experimental and modelling section

3.1.1 Fabrication

Catalyst inks for the intermediate layer (IL) were prepared by mixing 44.7 mg

of IrOx (ELC-0110, Tanaka Kikinzoku Kogyo (TKK)) or Ir (3000020267, Umicore)

with a mixture of PG, IPA, and Nafion solution (Liquion solution LQ-1105 1100EW

5 wt.%, Ion Power), following the process discussed in Section 2.1.1. The Nafion

solution content was varied to achieve 5 to 60 wt.% Nafion in the IrOx layer and 5

to 30 wt.% in the Ir layer. A higher ionomer loading range was chosen for the IrOx

layer, as the best electrochemical performance was observed at an ionomer loading of

25 wt.% for this particular catalyst as shown in Figure 3.4. Ionomer loadings above

and below this value were tested to investigate the impact of ionomer loading on the

protonic and electronic conductivities. The ink for anode/cathode CLs was prepared

by mixing 37.5 mg of Pt/C (46.7 wt.% Pt/C, TEC10EA50E, TKK) in a 48:52 wt.%

ratio mixture of IPA and PG following the process described in Section 2.1.1.

The same inkjet material printer (Dimatix DPM-2800 series, Fujifilm) was used to

print the CLs on the NRE211 membrane following the procedure described in previous

section. The NRE211 membrane was used as-is. For printing, a piezo-voltage of 32 V

and a drop spacing of 20 µm were used.

3.1.2 Microscopic imaging

Scanning electron microscopy (SEM) (Zeiss Sigma 300 VP-FESEM) was used to

study the Ir/IrOx layer thickness. SEM samples were prepared by freeze fracturing

the CCMs using liquid nitrogen.
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3.1.3 Polarization curve of an electrolyzer cell

In order to show the IrOx CL compositions are relevant for the technology, po-

larization curves of the several ILs with IrOx were studied. The experimental setup

used to obtain the polarization curve of the electrolyzer cell can be found in the pre-

vious electrode fabrication section (Section 2.1.3). A titanium mesh (Fuel Cell Store,

Product code: 592780) was used on the IrOx side whereas a Sigracet SGL 28BC gas

diffusion layer (GDL) was used on the Pt/C side.

To perform the experiments, the cell was conditioned first by applying current

densities of 0.02, 0.1, 0.2 and 1 A/cm2 for 15 minutes each and 5 minutes at 2 A/cm2.

Then, polarization curves were obtained using Biologic potentiostat (SP-300) by scan-

ning the voltage from 1.3 V to 1.8 V at a scan rate of 1 mV/s.

3.1.4 Protonic resistance measurement

3.1.4.1 MEA assembly

For the measurement of the protonic resistance of the IL, the anode and cathode

(Pt/C) CLs were printed on an area of 5 cm2 on two separate membranes. The IL

was printed on the other side of one of the two membranes. An insulating sheet

(polyester plastic, McMaster-Carr, Product # 8567K102) of thickness 12.5 µm with

a 5 cm2 cut-out area was bonded to the surrounding areas of the IL to ensure proton

conduction through the IL only. The 5 cm2 cut-out piece from the insulation sheet

was used while hot pressing the whole assembly to ensure that good adherence of the

IL to both membranes is achieved, as the IL thickness is lower than the insulation

sheet thickness. This cut-out piece was later removed and was not part of the final

assembly. The CCMs and the insulation sheet were arranged as shown in Figure 3.1b

and hot pressed together at 130 ◦C and 130 kPa for 10 minutes to obtain the MEA

shown in Figure 3.1c, using Carver press (MODEL C #3851). An MEA without

the IL was also fabricated by hot pressing two half CCMs together. This MEA was

used to determine the protonic resistance of the CCM without the IL and served as

a reference case.
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Figure 3.1 – Fabrication of MEA using hot press. (a) isometric view of the assembly

for hot press, (b) front view of (a), (c) hot pressed MEA, and (d) MEA

assembly with gaskets and GDLs.

Table 3.1 – Test conditions for the protonic and electronic resistance measurement of

the intermediate layer.

Hydrogen pump TP electronic resistance measurement

Anode/cathode gas Hydrogen/Hydrogen Nitrogen/Nitrogen

Anode/cathode back pressure Ambient/Ambient

Cell temperature 80 ◦C

Anode/cathode RH 30/30, 40/40, 50/50, 60/60, 70/70, 80/80, 90/90, and 100/100

Anode/cathode flow rate 0.5 slpm/0.5 slpm

3.1.4.2 H2 pump experimental setup

A 5 cm2 single cell with a single serpentine channel bipolar plate (BPP) made

of graphite was used to assemble the cell (Scribner Association Inc.). GDLs with

microporous layers (28BC, Sigracet SGL) were placed on both sides of the MEA,

along with the gaskets (rigid fibreglass coated with PTFE) before assembling the

cell. Two fuel cell test stations (Scribner Association Inc.) were used to maintain a

gas flow rate of 0.5 slpm and the desired RH of the flowing gas on each side of the

cell, and one of the test stations was used to maintain the cell temperature at 80 ◦C.

Table 3.1 shows the experimental conditions for the H2 pump test with and without

the IL.
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Figure 3.2 – Schematics of the two cases for hydrogen pump test without (a) and with

(b) an intermediate layer.

3.1.4.3 Polarization curve measurement of H2 pump cell

In order to measure a polarization curve, first the cell was maintained at a fixed

RH for at least 30 minutes to properly humidify the cell. Then, a potentiostat (SP-

300, Biologic) was used to perform a chronopotentiometry test in the current density

range of 0–0.6 A/cm2 with current steps ranging from 0.02 A/cm2 at lower RH, to

0.1 A/cm2 at higher RH, and with a current hold of 3 minutes per step. The slope

of the resulting polarization curve was used to estimate the direct current (DC) cell

resistance.

The polarization curve measurements were carried out in two cases as shown in

Figure 3.2. In the first case, two NRE211 membranes were sandwiched between

the anode and cathode Pt/C CLs, and the cell was assembled with two GDLs and

two BPPs (Figure 3.2a). In the second case, two NRE211 membranes and an IL

were assembled with GDLs and BPPs (Figure 3.2b). The protonic resistance of

the IL was calculated by measuring the difference in the DC resistance between the

cell without and with an IL [169]. Only this technique was used because the other

method proposed by Iden et al. [169], which involves the difference between the DC

cell resistance and the HFR of the cell with an IL, requires the electronic resistance of

the IL to be negligible. As will be shown later, this is not the case for the IL studied

here.
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3.1.4.4 Analysis of data

According to Iden et al. [169], the protonic resistance of the intermediate layer

(IL), RIL
H+ , can be obtained as

RIL
H+ = R

w/IL
DC −R

w/oIL
DC − 2RIL−PEM

C, DC +RPEM−PEM
C, DC (3.1)

where R
w/oIL
DC and R

w/IL
DC are the DC resistances of the cell without and with an IL,

respectively. RIL−PEM
C, DC is the contact resistance between the IL and the membrane,

and RPEM−PEM
C, DC is the contact resistance between the two membranes. To accurately

calculate the IL protonic resistance, RIL−PEM
C, DC needs to be subtracted and RPEM−PEM

C, DC

needs to be added to the right-hand side of Equation (3.1). The contact resistance

between the two membranes for the hydrogen pump case was estimated by subtracting

the resistance of the cell with one N212 membrane (50.8 µm thickness) from the

resistance of the cell with two NRE211 membrane (25.4 µm thickness) without an

IL. The measured contact resistance was 13.8 mΩ·cm2 which is approximately 15% of

the resistance of the ILs on average, which was neglected. In order to determine this

resistance of the IL, the protonic resistance of ILs of different thicknesses could be

measured and used to separate contact resistances from IL resistances. Unfortunately,

these measurements were not done for the protonic resistance measurement due to

the time-consuming nature of the experiment. As the contact resistance between the

IL and the membrane is not easy to isolate, both contact resistances between the IL

and the membrane, and between the two membranes were neglected in the calculation

of RIL
H+ . In addition, the contact resistance between the IL and the membrane was

minimized by printing the CL directly onto the membrane and the subsequent hot

pressing of the MEA. Now, the protonic resistance of the IL, RIL
H+ , can be obtained

as

RIL
H+ = R

w/IL
DC −R

w/oIL
DC (3.2)

The protonic conductivity of the IL, σIL
H+ , is then calculated using the measured RIL

H+

and the IL thickness, tIL, using

σIL
H+ =

tIL

RH+

IL

(3.3)
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3.1.5 Electronic resistance measurement

3.1.5.1 Through-plane electronic resistance

For the through-plane (TP) electronic resistance measurement of the Ir/IrOx layer,

a gold coated metal plate was first cleaned with IPA and dried. Then, the catalyst

ink was inkjet printed on a 5 cm2 area on the surface of the plate and dried at room

temperature. A GDL with microporous layers (28BC, Sigracet SGL) was placed on

top of the CL, along with the gaskets (rigid fibreglass coated with PTFE) and a BPP

before assembling the cell. Table 3.1 shows the experimental conditions for the TP

electronic resistance measurement with and without the CL.

3.1.5.1.1 Polarization curve measurement The assembled cell was maintained

at a fixed RH for at least 30 minutes to properly humidify the CL. Then the polariza-

tion curve was obtained using linear sweep voltammetry (LSV) with a potentiostat

from 0 to 20 mV at a scan rate of 1 mV/s. The slope of the polarization curve pro-

vides the electron-transport DC cell resistance.

To measure the TP electronic resistance of the CL, the polarization curves were

carried out in two cases as shown in Figure 3.3. The first case includes two current

collectors (CCs), a BPP, and a GDL (Figure 3.3a). In the second case, a CL is

introduced into the setup of the first case (Figure 3.3b).

3.1.5.1.2 Analysis of data In the first method, the TP electronic resistance of

the CL, RIL
e− , was calculated as

RIL
e− = Rcase2

e− −Rcase1
e− −RCC−IL

C −RIL−GDL
C +RCC−GDL

C (3.4)

where Rcase1
e− and Rcase2

e− are the DC resistances of the cell without and with a CL,

respectively. RCC−IL
C , RIL−GDL

C , and RCC−GDL
C are the contact resistances between

the current collector and the IL, between the IL and the GDL, and between the

current collector and the GDL, respectively. All the contact resistances were neglected

from Equation (3.4) to calculate the TP electronic resistance of the IL as shown in

Equation (3.5).

RIL
e− = Rcase2

e− −Rcase1
e− (3.5)
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Figure 3.3 – Schematics of the two cases for the electrical resistance measurement

without (a) and with (b) an IrOx layer.

Then, using the TP electronic resistance of the CL and its thickness, the electronic

conductivity was calculated. The impact of the contact resistances are removed from

calculation of electronic conductivity when the two-thickness method was used. The

two methods (Equation (3.5) and the two thickness method) resulted in a similar

electronic conductivity, showing that the contact resistances are negligible compared

to the CL electronic resistances.

In order to validate the results, the TP electronic conductivity of the CL is also

calculated by measuring the resistance of two CLs with different thickness (i.e., dif-

ferent catalyst loading). Then the TP electronic conductivity, σIL
e− , was calculated as:

[217]

σIL
e− =

(tS2 − tS1)

(RS2
case2 −RS1

case2)A
(3.6)

where RS1
case2 and RS2

case2 are the electronic resistances of the two cells, each with a

different CL thickness, tS1 and tS2 are the thicknesses of the two IrOx layers which

were 2 and 4 µm, respectively, and A is the printed geometric area of the IrOx layer.

3.1.5.2 In-plane electronic resistance

In order to understand the anisotropy in the IL, the IP electronic resistance of

the CL was also measured. To fabricate the CLs for the IP electronic resistance

measurement, the catalyst ink was printed on a 5 cm2 area on the surface of a Nafion
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membrane. The IP electronic resistance of the various samples were measured using

the four-point collinear probe (4PP) method, using a Lucas Labs Pro4 4000 (the same

instrument was used by Mo et al. [71]) with a Keithley 2601A sourcemeter, which have

a probe spacing of 0.04 inch. The resistance was measured in 0◦ and 90◦ orientations

of the sample before averaging it. The IP electronic conductivity was then calculated

from the measured IP electronic resistance of the samples. The CL was dry while

measuring the IP electronic resistance and the resistance at 100% RH is likely to be

higher due to the expansion of the ionomer, which will decrease the number of contact

points between the catalyst particles[160]. For the validation of the 4PP method, the

IP electronic resistance of several GDLs, and carbon and ionomer layers were also

measured. Samples with an area of 5 cm2 were used for the measurement. Note that

the four-point collinear probes penetrated the CL, which is not ideal; however, since

Ref. 71 used the same equipment, the method was still attempted to measure the

in-plane electronic conductivity in order to compare to those results.

3.1.6 Optical profilometer

The microstructure of the CL printed on the gold plate and on the membrane

might be different due to the varying substrate. Therefore, the CL thickness of two

CLs with a 5 and 10 wt.% ionomer loading printed on a gold plate were measured

and compared to the CL printed on a membrane. The CL thickness on the gold plate

was measured using a Zygo optical profilometer at six different locations.

3.1.7 Modelling of the hydrogen pump

In order to study the effect on the protonic resistance measurements of possible

H2 reduction and oxidation reactions occurring in the IrOx IL, the hydrogen pump

experiment was simulated using a 2-D macro-homogeneous model by Michael Moore.

His modelling work is included in this thesis to strengthen the results obtained for this

objective. The model, implemented in OpenFCST [218], was adapted from a previous

work in PEMFCs [219]. The model is single-phase and isothermal. Species transport

was neglected, as the concentration of hydrogen and water vapour is not expected

to vary significantly, due to the low current densities and the presence of humidified
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hydrogen in both electrodes. The potentials of the solid and ionomer phases were

solved for using Ohm’s Law. The membrane water content in the CLs and membrane

was solved for using a Springer model [219]. The governing equations and the domain

used are shown in the appendix A, along with the key parameters for the model. The

parameters that had the strongest impact on the results were the effective protonic

and electronic conductivities of the membranes and CLs; the effective conductivities

measured in this work were used directly. The simulation of the hydrogen reaction

in the anode and cathode Pt/C CLs is based on the kinetic model from Elbert et

al. [220] using the activation free energies reported for a platinum catalyst. The

kinetics of the IrOx IL were modelled using the Butler-Volmer equation, using kinetic

parameters determined from a hydrogen pump experiment with a Pt electrode as the

reference/counter electrode and IrOx electrode as the working electrode. The use of

the Butler-Volmer model allows for the oxidation or evolution reaction to proceed

according to the local potentials of the two phases, no assumptions need to be made

regarding which reaction occurs where in the IL, or if they occur at any meaningful

rate.

3.2 Results and discussion

A summary of all the fabricated CCMs and their loadings is presented in Table 3.2

for the protonic conductivity measurement. The loading was calculated using a gravi-

metric method [200]. The CCM-w/o-IL in Table 3.2 is without an IL, and the rest

CCMs are with an IL, where the IL consists of Ir or IrOx. The platinum and Nafion

loading in the anode and cathode CLs were maintained at 0.1 mgPt/cm
2 and 30 wt.%

respectively. Note that the IrOx loading of IL with 55 wt.% is lower compared to the

other ILs because fabricating a CL with such a high ionomer loading is impacted by

nozzle clogging and lengthy printing time. Since the CL thickness has been shown

to increase linearly with catalyst loading between 0 and 2.5 mgIrOx/cm
2 [40, 74], the

microstructures of ILs with different IrOx loadings (in terms of mgIrOx/cm
2), but the

same ionomer loading (in terms of wt.%), are assumed to be similar. The conductiv-

ity measurement for the lower IrOx loading IL is therefore assumed to be comparable

to an IL with the same volume fractions but a IrOx loading of 1 mg/cm2. This as-
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Table 3.2 – Summary of the fabricated CCMs for the protonic resistance measurement.

Cells Cat. loading Naf. loading Thickness Naf. vol. Porosity Ir or IrOx

tested [mg/cm2] IL [%wt.] [µm] frac. vol. frac.

CCM-w/o-IL 3 - - - - - -

CCM-IrOx-N05-IL 1 0.969 05 6.4±0.53 0.04 0.83 0.13

CCM-IrOx-N10-IL 1 1.044 10 5.5±0.99 0.11 0.73 0.16

CCM-IrOx-N15-IL 1 1.003 15 4.7±0.51 0.19 0.63 0.18

CCM-IrOx-N25-IL 1 1.035 25 3.3±0.65 0.51 0.22 0.27

CCM-IrOx-N35-IL 3 0.975 35 4.1±0.53 0.64 0.15 0.21

CCM-IrOx-N55-IL 1 0.801 55 6.3±0.73 0.78 0.11 0.11

CCM-Ir-N05-IL 1 1.08 5 4.47±1.01 0.06 0.83 0.11

CCM-Ir-N10-IL 1 1.03 10 3.38±0.48 0.17 0.69 0.13

CCM-Ir-N15-IL 1 1.02 15 3.13±0.37 0.28 0.57 0.14

CCM-Ir-N25-IL 1 1.01 25 3.80±0.78 0.44 0.44 0.12

sumption is further validated by comparing the through-plane electronic conductivity

(later in the thesis) of two ILs with 35 wt.% ionomer loading and varying IrOx loading

using the two-thickness method. In that case, the obtained conductivities are similar.

3.2.1 Polarization curve of electrolyzer cell

Figure 3.4 shows the obtained polarization curves together with several polariza-

tion curves from Ref. 33. As shown in Figure 3.4, the IrOx electrodes in this study

achieved performances that are on-par with state-of-the-art electrodes. The best

performance was obtained for an anode CL with 25 wt.% ionomer loading.

3.2.2 SEM imaging

In order to study the variation in the IL thickness with varying ionomer load-

ing, SEM cross-sectional images of the Ir and IrOx IL were captured as shown in

Figures 3.5 and 3.6 respectively. In order to verify the thickness measurement was

not affected by imaging artifacts such as tilting, the thickness of the PEM was also

measured and compared to the manufacturer’s specification. An error of less than 3%

was observed. The IL thickness was measured at ten different locations of an image,
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Figure 3.4 – Electrochemical performance of the investigated ILs with IrOx catalyst.

and several images were used to take into account the possible inhomogeneities in the

IL thickness. The measured IL thickness is shown in Table 3.2. Using the volume

fractions in Table 3.2, an effective thickness of each component is obtained and shown

in Figure 3.7 for varying ionomer loading. With an increase in the ionomer loading,

the IL thickness first decreased and then increased for both Ir and IrOx layers. In

general, the thickness of the IrOx CLs is higher than the Ir CLs. This might be due

to the catalyst particle morphology which is not particulate in the case of Umicore

Ir, but flake like structure, whereas the TKK IrOx particles are particulate and the

surface are corrugated and rich in pore as shown in Figure 3.10, and also described

the same in Ref. [96].

The decrease in the IrOx IL thickness is likely due to the reduction of cracks and

layer porosity. Surface SEM images of the IrOx CLs are shown in Figure 3.8, which

shows a decrease in the surface cracking of the IL from 15 %wt. to 25 %wt. ionomer

loading. Ahadi et al. [181] also reported a decrease in crack density with increasing

ionomer loading in the case of PEMFC CLs. There are no cracks to be observed

in Ir CLs shown in Figure 3.9. The reason for having surface cracks in the case of

IrOx CLs and not in the case of Ir CLs might be due to the difference in the catalyst
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surface area. The BET surface area of IrOx and Ir is 106 and 26 m2/g, respectively.

It is hypothesized that due to a higher BET surface area of IrOx particles, a higher

amount of ionomer loading is required to bind the particles together than for the Ir

particles. Because of the above hypothesis, it might be possible that for the same

amount of ionomer loading, cracks can be seen in IrOx CL and not in the Ir CL.

The decrease in the Ir CL thickness with an increase in the ionomer loading from 5

to 15 wt.% might be due to a better binding of Ir particles with an increase in the

ionomer loading. The increase in the Ir or the IrOx CL thickness at higher ionomer

loading is likely simply due to an increase in the amount of solid required to reach

the same catalyst loading as more ionomer is introduced, given that the void and

Ir/IrOx thickness remain the same, as shown in Figure 3.7. Gode et al. [177] reported

similar behaviour in the case of PEMFC CLs, while Soboleva et al. [221] observed the

opposite trend in PEMFC CLs such that the thickness increased and then decreased

with an increase in the ionomer loading.

The volume fractions of each phase in the IL are shown in Table 3.2. The volume

fraction calculations are presented in the Appendix A. The ionomer volume fraction

increases with an increase in the ionomer loading as expected, while the porosity de-

creases with an increase in the ionomer loading. The catalyst volume fraction varies

between 11–27% for IrOx and between 11-14% for Ir; these fractions are generally

lower than those measured in Ref. 62. This difference is likely caused by the use

of a different catalyst and fabrication method. Ref. 62 used an IrO2 catalyst on

TiO2, which was fabricated using a Mayer Bar with decal transfer. For the same

fabrication method and composition, different catalysts can produce CLs with very

different thicknesses and porosity (for the IrOx catalyst in this chapter thicknesses of

6.4 µm and porosity of 83% were obtained, whereas thicknesses of around 1.4–1.9 µm

and porosity between 10-29% were obtained for the Alfa Aesar IrO2 catalyst in the

previous chapter 2). Other works that used unsupported catalysts with low ionomer

loadings, have shown porosities of a similar range to that measured in this work for

the 5 wt.% ionomer loading CL [52, 74, 202].

The IrOx volume fraction increased from 0.13 to 0.27 with an increase in the
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Figure 3.5 – SEM images of the IrOx layer cross-section. (a) CCM-IrOx-N15-IL,

(b) CCM-IrOx-N25-IL, (c) CCM-IrOx-N35-IL, and (d) CCM-IrOx-N55-IL.
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Figure 3.6 – SEM images of the Ir layer cross-section. (a) CCM-Ir-N5-IL, (b) CCM-

IrO-N10-IL, (c) CCM-IrO-N15-IL, and (d) CCM-Ir-N25-IL.
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Figure 3.7 – Effective thickness of the different components of the IrOx layer, i.e.,

the IrOx, ionomer, and void space along with the total thickness which is

denoted as IL.

Figure 3.8 – (a) SEM images of the IrOx layer surface with 15 wt.% ionomer loading,

(b) magnified image of image (a), and (c) 25 wt.% ionomer loading.
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Figure 3.9 – Surface SEM images of the Ir layer with an ionomer loading of 5 wt.%

(a), 10 wt.% (b), 15 wt.% (c), and 25 wt.% (d).

(a) IrOx CL with 5 wt.% ionomer loading (b) Ir CL with 5 wt.% ionomer loading

Figure 3.10 – Comparison of the catalyst particle of TKK IrOx and Umicore Ir.
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ionomer loading from 5 to 25 wt.% and decreased from 0.27 to 0.11 with further

increase in the ionomer loading from 25 to 55 wt.%. This trend may be caused

by the presence of cracks in the layers at ionomer loadings below 25 wt.%. It is

speculated that at low ionomer loadings, there is insufficient ionomer to bind the

CL, resulting in a higher than expected porosity and therefore a lower IrOx volume

fraction. Increasing the ionomer loading then rapidly reduces the porosity, as the

ionomer fills the pores and reduces the cracks, leading to a reduced layer thickness.

At 25 wt.% ionomer loading a minimum thickness is reached and further increase in

the ionomer loading causes the IL thickness to increase. In this case, the IrOx volume

fraction decreased with increasing ionomer loading, as expected. The variation in the

IrOx volume fraction is relatively constant, however, compared to the variation in the

ionomer and void volume fractions. A relatively constant solid volume fraction with

ionomer loading was also observed in PEMFC catalyst layers by Gode et al. [177].

The variation in the Ir volume fraction is relatively constant as expected due to the

absence of the CL crack.

3.2.3 Optical profilometer

To measure the electronic conductivities of the CLs, the thickness of the CL

printed on the gold plate is required. In order to compare the protonic and electronic

conductivities of a CL, the microstructure of the CL printed on the gold plate and

on the membrane need to be comparable to each other. In order to compare the

microstructure of the CLs fabricated on two different substrate, i.e., PEM membrane

and gold plate, the thicknesses of the CLs printed on gold plate were measured using

a Zygo optical profilometer (). Images at several locations were taken into account

to measure the variation in the CL thickness.

Figure 3.11 shows the data obtained from the profilometer for an IrOx CL with 5

wt.% ionomer loading at one location. The averaged thicknesses of IrOx layers with

a 5 and 10 wt.% ionomer loading obtained from the profilometer and from the SEM,

where the substrate is a membrane, are summarized in Table 3.3. Note the thickness

error from the profilometer of the IL with a 10 wt.% ionomer loading is higher due
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Figure 3.11 – Thickness of the IrOx layer with 5 wt.% ionomer loading using Zygo

optical profilometer.

Table 3.3 – Comparison of the IrOx layer thickness obtained from the SEM images

and using profilometer.

SEM imaging [µm] Profilometer [µm]

IrOx-N05-IL 6.4±0.53 6.32±0.45

IrOx-N10-IL 5.57±0.99 5.67±1.8

to the uneven surface of the gold plate and poor reflectivity of the CL. The error

decreased significantly after polishing the gold plate surface before printing the CL

with 5 wt.% ionomer loading, resulting in a lower thickness error. The thicknesses of

two CLs with varying ionomer loading printed on a gold plate (measured via optical

profilometry) and on a membrane were similar, therefore the volume fractions should

also be comparable and, as a result, it was assumed the resulting microstructures

would also be similar.

The thickness of Ir CLs with varying Ir loading printed on the gold plate was also

measured. Figure 3.12 shows the measured thickness of the CLs using profilometer.

The Ir CL thickness increased with an increase in the catalyst loading almost linearly.
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Table 3.4 – Summary of the fabricated Ir CLs on the gold plate.

Ir loading Naf. loading CL thickness Porosity Ir Vol. Naf. Vol.

[mg/cm2] [wt.%] [µm] fraction fraction

Ir-N30-Pt1 1.022 30 4.03±0.22 0.34 0.11 0.55

Ir-N30-Pt2 2.016 30 7.54±0.44 0.31 0.12 0.57

Ir-N30-Pt3 2.996 30 9.93±0.93 0.22 0.13 0.65
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Figure 3.12 – The Ir CL thickness measured using profilometer.

The porosity of the CL decreased and the ionomer volume fraction increased with an

increase in the catalyst loading. This might be due to the compaction of the CL due

to the increase in the number of printed layers to achieve a higher catalyst loading.

This effect was also observed in ref. [130] for PEMFC CLs of varying catalyst loading.

The measured thickness of the Ir CL with 30 wt.% ionomer loading using pro-

filometer is included in Figure 3.7b along with the other CL thickness measured from

SEM images. The measured CL thickness using profilometer is in accordance with

the thickness measured from SEM images. This shows that the microstructure of the

CL printed on a PEM and on a gold plate would be similar in nature.
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3.2.4 Protonic conductivity of IrOx layer

First, the repeatability of the experimental setup is examined, and then experi-

mental results are compared to literature for validation. Then, the protonic conduc-

tivity values are provided and discussed.

3.2.4.1 H2 pump polarization curve

Figure 3.13 shows the relationship between the voltage drop and the current den-

sity under various RH conditions for three CCMs; the first is without an IrOx layer

(Figure 3.13a), the second and third are with an IrOx layer with 35 and 55 wt.%

ionomer loading (Figures 3.13b and 3.13c). The voltage drop showed good linearity

with the current density. The overall resistance from H2 pump test is obtained from

the slope of the individual polarization curve, giving the cell resistance under different

RH conditions.

3.2.4.2 Repeatability

Three cells with and without an IL were tested. Figure 3.14 shows the resistances

obtained from the polarization curves. The measured resistance showed excellent

reproducibility, with an average standard deviation of 12 and 20 mΩ·cm2 for the cells

without and with an IL, respectively. These standard deviations are less than 10% of

the average measured resistance, thereby proving the repeatability of the method.

3.2.4.3 Validation

In order to validate the measured resistance, the experiment proposed by Iden

et al. [169] was reproduced and our results were compared to the literature values.

Figure 3.14a shows the resistance of the cell without an IL as a function of RH along

with the same resistance data obtained by Iden et al. [169]. It can be observed that

the obtained resistances in this study are in good agreement with the literature data.

3.2.4.3.1 Protonic conductivity of the carbon and ionomer IL To further

validate the H2 pump method, the effective protonic conductivities of two ILs with

an I/C ratio of 0.9 made with either Vulcan XC-72 (Fuel Cell Store) or Ketjen black
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Figure 3.13 – Voltage drop as a function of current density at different RH conditions

at 80 °C for a CCM without an IrOx layer (a), with an IrOx layer with 35

wt % (b), and 55 wt % (c) ionomer loading.
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Figure 3.14 – DC cell resistance of a CCM without intermediate layer, R
w/oIL
DC , (a), and

with intermediate layer, R
w/IL
DC , (CCM-IrOx-N35-IL) (b). (a) also compares

results from this work to data from Iden et al. [169].

(HyPlat) were calculated using the two methods described by Iden et al. [169]. The

first method involves subtracting the resistance of the cell without an IL from the

resistance of a cell with an IL. The second method involves subtracting the high

frequency resistance (HFR) of the cell with an IL from the overall cell resistance of

the same cell obtained from the H2 pump test. The obtained conductivities from this

work and from several sources in the literature are shown in Figure 3.15. The two

methods yield similar results in this study. Further, our results reproduce the trends

observed in the literature, i.e., the conductivity increased with an increase in the RH.

Even though a direct comparison of the conductivity is not possible due to differences

in the carbon type, composition and fabrication method, the obtained results are in

line with those reported in literature.

3.2.4.3.2 Protonic conductivity of the Nafion membrane A third validation

of the H2 pump method was done by calculating the protonic conductivity of the

membrane and comparing to the literature. The conductivity was calculated from

the HFR of the cell with a N212 membrane after accounting for the resistance of the

cell hardware and assuming the electronic resistance of the anode/cathode CLs are
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Figure 3.15 – Protonic conductivity of the Vulcan XC-72 and Ketjen black carbon

and ionomer intermediate layer.

negligible (≈ 0.172 mΩ·cm2, measured using the four-point collinear probe method).

Figure 3.16 shows the dependence of the protonic conductivity of the Nafion 212

membrane on RH. The obtained protonic conductivity of the membrane is in excellent

agreement with literature data [157, 169, 195, 222].

3.2.4.4 Ionomer loading study on intermediate layer protonic conductiv-

ity

The effective protonic conductivities of the ILs with varying ionomer loading were

calculated using Equation (3.3) with the measured resistances and CL thicknesses.

Figure 3.17 shows that, as expected, the conductivity increased with increasing RH

and with increasing ionomer loading. Figure 3.17a that the protonic conductivity of

the IrOx IL with 10 wt.% ionomer loading is one to two orders of magnitude lower

than that of an IL with 15 wt.% ionomer loading. Similarly, the protonic conductivity

of the IrOx IL with 15 wt.% ionomer loading is two to three orders of magnitude lower

than the 25 wt.% ionomer loading IrOx ILs, indicating a strong dependance of the

protonic conductivity on ionomer loading. ILs with Ir show a very different behaviour

in Figure 3.17b. In this case, the protonic conductivities of the Ir ILs are nearly within

the same magnitude and also similar to the IrOx IL with 25 wt.% ionomer loading
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Figure 3.16 – Protonic conductivities of the Nafion membranes.

and above. This might be due to the different surface area of the catalyst. Due to

a higher surface area of the IrOx catalyst a higher amount of ionomer is required to

obtain a ionomer connectivity. Further, the differences in the conductivities might

be caused by the use of different catalysts, which would interact differently with the

ionomer, leading to the different microstructural properties.

The protonic conductivity of the IrOx with 25 wt.% ionomer loading is 6.07×10−3 S/cm

at 100% RH, lower than previous values reported in the literature. Babic et al.

[162] measured the protonic conductivity of a CL with 20 wt.% ionomer loading and

0.8 mgIrO2/cm
2 to be 8.3×10−3 S/cm. Bernt and Gasteiger [62] calculated the ef-

fective protonic conductivity of a CL with 28 wt.% ionomer content to be around

0.4–0.6 S/cm. This value however was obtained assuming the ionomer bulk conduc-

tivity in the CL to be the same as that of a PEM, which has been shown to not be

the case [163].

A percolation model was used to estimate how the effective protonic conductivity

of the IL changes with ionomer volume fraction. This is a semi-empirical model

that is applied in order to relate CL conductivity to ionomer volume fraction for

numerical simulations. It is very difficult to obtain a mechanistic understanding of
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Figure 3.17 – Protonic conductivity of the IrOx layer (a) and Ir layer (b).

proton transport in the CL using this model. According to this equation, the effective

protonic conductivity, σeff
H+ , can be expressed as [223]:

σeff
H+ = σbulk

H+

(︃
ϵN − ϵNth

1− ϵNth

)︃γ

(3.7)

where σbulk
H+ is the bulk protonic conductivity of the ionomer, ϵN is the volume fraction

of the ionomer in the IL, ϵNth
is the threshold volume fraction of the ionomer in the

IL, where ionomer volume fractions (ϵN) below this value will result in a conductiv-

ity of zero, and γ is the exponential factor, which is related to the tortuosity of the

conducting media, and, for a three-dimensional lattice, is expected to be between 2

and 3 [224].

The percolation model was fitted to the protonic conductivities at 100% RH only,

as it is most representative of the PEMWE operation in liquid water, by estimat-

ing three parameters, i.e., σbulk
H+ , ϵNth

, and γ. The expansion percentage of ϵN at

100% RH is taken from Ref. 169. Further details on the fitting procedure is presented

in Appendix A. Figure 3.18 shows the fitting of the conductivity data points to the

percolation model. A good fit between the model and the experimental data was

obtained. For this study, the best fit was obtained with ϵNth
= 0.077, γ = 3.18, and

the ionomer bulk conductivity in the CL of 0.0407 S/cm for the IrOx IL. The high
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Figure 3.18 – Fitting of the protonic conductivity data at 100% RH to the percolation

model.

value of γ implies a high tortuosity of the conducting media. For the Ir IL, the best

fit was obtained with ϵNth
= 0.004, γ = 1.0, and the ionomer bulk conductivity in

the CL of 0.038 S/cm. A low value of γ implies a low tortuosity of the conducting

media. The difference in the tortuosity of the CLs might be due to the difference in

the catalyst surface area. However, the ionomer bulk conductivity in the CL in both

cases is nearly the same, which validates the use of percolation model in this work

and that the ionomer bulk conductivity in the CL is lower than the ionomer bulk

conductivity of a membrane.

3.2.5 Electronic conductivity of the catalyst layer

The ionomer loading not only affects the protonic conductivity of the CL, but also

the electronic conductivity of the CL. Table 3.5 shows the summary of the fabricated

CLs printed on the gold plate for the through-plane electronic resistance measurement.

Two CLs with different IrOx loadings and 35 wt.% ionomer loading and three CLs

with different Ir loadings and 30 wt.% were printed on the gold plate to measure the

TP electronic conductivity using the two-thickness method.
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Table 3.5 – Summary of the fabricated CLs on the gold plate for the through-plane

electrical resistance measurement.

Cells Cat. loading Naf. loading Thickness Nafion vol. Porosity Cat. vol.

tested [mg/cm2] [%wt.] [µm] frac. frac.

Hardware 3 - - - - - -

IrOx-N05-IL 1 1 05 6.3 0.04 0.83 0.13

IrOx-N10-IL 2 1 10 5.7 0.11 0.74 0.16

IrOx-N15-IL 2 1 15 4.7 0.19 0.63 0.18

IrOx-N25-IL 1 1 25 3.5 0.51 0.22 0.27

IrOx-N35-IL 1 0.5 35 2.0 0.64 0.15 0.21

IrOx-N35-IL 2 1 35 4.0 0.64 0.15 0.21

IrOx-N60-IL 1 0.6 60 4.5 0.815 0.092 0.093

Ir-N05-IL 1 1.08 05 4.5 0.06 0.83 0.11

Ir-N30-IL 2 1.02 30 4.03 0.55 0.34 0.11

Ir-N30-IL 1 2.02 30 7.54 0.57 0.31 0.12

Ir-N30-IL 1 3.00 30 9.93 0.65 0.22 0.13

3.2.5.1 Through-plane electronic conductivity

3.2.5.1.1 Repeatability and validation: A modified two-probe method is used

to measure the TP electronic resistance of the IL with varying RH in this study. In

order to assess the reproducibility of the method, three IrOx-N35-IL samples, two

with different IrOx loadings, and three Ir-N30-IL were tested. Figure 3.19 shows the

relationship between the voltage drop and the current density under various RH con-

ditions for the IrOx layer printed on the gold plate with a 35 wt.% ionomer loading.

The voltage drop showed good linearity with the current density. The overall resis-

tance of the cell is obtained from the slope of the individual polarization curve.

Figure 3.20 shows the measured TP electronic resistance and the calculated TP

electronic conductivity of the IrOx-N35-IL and Ir-N30-IL using Equation (3.3). The

TP electronic resistance of the two IrOx-N35-IL with 1 mg/cm2 IrOx loading show

good repeatability (Figure 3.20a). The TP electronic resistance of the layer with

half the loading (0.5 mg/cm2) is almost half due to the linear increase of the IrOx
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Figure 3.19 – Voltage drop as a function of current density at different RH conditions

at 80 ◦C for IrOx layer printed on the gold plate with 35 wt % ionomer

loading.

layer thickness with an increase in the IrOx loading in the range of 0–2.5 mg/cm2

[40, 74]. Figure 3.20b shows the excellent agreement between the conductivities for

each cell, as well as that computed using the two thickness method. The similarity

of the results between the two methods, Equation (3.6) and Equation (3.3), validates

the methodology used in this work. Figure 3.20b also shows excellent reproducibility

between cells, with an average standard deviation of 1.65×10−6 S/cm, i.e., 3% of the

measured average value. Additional repeatability tests were carried out for ionomer

loadings of 10 and 15 wt.%. Two samples were prepared for each loading; variations

of 3% and 40% were obtained for the TP electronic conductivity measurements at

100% RH. The measured conductivities from the repeated tests are shown in Fig-

ure 3.21a. The reason for the large variation for the 15 wt.% IL is unknown, however

it might be due to a manufacturing defect as the two layers were fabricated several

months apart. Figure 3.20c shows the electronic conductivity of Ir CL with 30 wt.%

ionomer loading with excellent repeatability with an average standard deviation of

4.15×10−3 S/cm, i.e., 8% of the measured average value.
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Figure 3.20 – (a) Electronic conductivity of an IrOx-N35-IL and (b) Ir layer with 30

wt.% ionomer loading.
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Figure 3.21 – (a) Through-plane electronic conductivity of IrOx layer at 100% RH.

Results from repeated tests are displayed at ionomer volume fractions of ap-

proximately 0.11, 0.19 and 0.64. (b) Through-plane electronic conductivity

of Ir layer at 100% RH
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Figure 3.22 – Through-plane electronic conductivity of the IrOx (a) and Ir (b) layers.

3.2.5.1.2 Ionomer loading study on TP electronic conductivity: Figure 3.22

shows the calculated TP electronic conductivity of the CLs with varying ionomer load-

ing. The TP electronic conductivity of the IrOx CL decreased exponentially with an

increase in the RH, indicating that the swelling of the ionomer is reducing the cata-

lyst connectivity. The same trend was not observed in the Ir CL, where Figure 3.22b

shows that the electronic conductivity did not change significantly with RH.

Regarding the effect of the ionomer loading, the TP electronic conductivity is sim-

ilar for all IrOx CLs except at very high ionomer loading. The electronic conductivity

of the IrOx CL with 60 wt.% ionomer loading (ϵN=0.81 in Figure 3.21a) is two orders

of magnitude lower than the other lower ionomer loading CLs. This shows that the

connectivity of the IrOx particles in the CL is almost lost at higher ionomer loading.

The TP electronic conductivity of the IrOx CL in this study, i.e., ∼10−4 S/cm, is

orders of magnitude lower than that observed for the Ir IL and the CL in previous

studies. For example, Schuler et al. [160] measured electrical conductivities in the

range of 3–7 S/cm for their IrO2/TiO2 catalyst layer.

Figure 3.21 shows the change in the electronic conductivity with changing ionomer
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volume fraction at 100% RH. The TP electronic conductivity of the IrOx layer with 5

and 10 wt.% ionomer loading is higher than the other IrOx layers despite the slightly

lower IrOx volume fraction. This might indicate that the electronic conductivity is

sensitive to ionomer loading, as the ionomer might increase the contact resistance

between particles. In addition, as was discussed in the SEM imaging section, lower

ionomer loaded samples contain cracks which may have led to an overprediction of

the low ionomer loading IrOx layers porosities, and therefore an underprediction of

the IrOx volume fraction. As the IrOx volume fraction is considered to be relatively

constant as compared to the ionomer and void volume fractions, the TP electronic

conductivity trends with respect to the IrOx volume fraction are not discussed. Fig-

ure 3.21b hardly shows any change in the TP electronic conductivity for two Ir layers

with different ionomer loading showing that ionomer loading might not have an effect

on the TP electronic conductivity.

3.2.5.2 In-plane electronic conductivity

The measurement of in-plane electronic conductivity was attempted for each of

the IrOx layers. As stated previously, the pins of the four point probe punctured

the catalyst layer as shown in Figure A.1 in Appendix A, which may have affected

the measurement of in-plane electronic conductivity. While repeatable results were

obtained for a single sample at various locations, large variations were observed be-

tween samples of the same composition. The conductivity ranged between 0.045 to

8.19×10−4 S/cm, which is at least an order of magnitude lower than that measured by

Mo et al. [71]. This confirms that the conductivity of the CLs studied in this work are

significantly lower than those reported in the literature. The obtained IP electronic

conductivity range is higher than the obtained TP electronic conductivities. This

was also observed by Ahadi et al. [181] in the case of Pt/C CLs. This indicates that

the IrOx ILs have some degree of structural anisotropy, likely due to the fabrication

method.
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3.2.6 Comparison of protonic and electronic conductivities

A comparison of the CL protonic and TP electronic conductivity at varying

ionomer loadings at 100% RH is shown in Figure 3.23. At this RH, the TP elec-

tronic conductivities are lower than the protonic conductivity for ionomer loadings

of 15 wt.% and above, whereas below 15 wt.%, the electronic conductivity is higher

than the protonic conductivity for the IrOx CL. On the other hand, the electronic

conductivity of Ir CL is always higher than the protonic conductivity in the tested

ionomer volume fraction range. The protonic conductivity might further increase and

electronic conductivity might decrease in the presence of the liquid water, based on

Schuler et al. [160] results which showed a severe drop in CL electronic conductivity

when in contact with liquid water. It is possible, therefore, that the ionomer loading

at which the two conductivities are equal will in practice be at a lower ionomer load-

ing than that shown in Figure 3.23 for the IrOx CL.

The obtained conductivities for the IrOx CL are in contradiction with the data

reported by Bernt and Gasteiger [62] and Schuler et al. [160], who reported electronic

conductivities are orders of magnitude higher than those reported here. Bernt and

Gasteiger [62] reported the HFR of the cell and did not report electronic resistance

of the anode catalyst layer separately. The HFR will measure either the most con-

ductive phase of the CL, or, in cases where both phases have similar conductivity, an

intermediate value [225]; therefore, HFR cannot be used to decipher which phase is

the least conductive. The measured HFR (50.362 mΩ·cm2 for IrOx CL with 35 wt.%

ionomer loading) in this study is in agreement with the HFR obtained by Bernt and

Gasteiger [62] (52.5–63 mΩ·cm2 for CLs with 2.2-28 wt.% ionomer loading). Schuler

et al. [160] reported a higher electronic conductivity for their CLs, however they used

a different catalyst, and they observed a sharp decrease in electronic conductivity

when exposed to liquid water.

As discussed above, only the more conducting phase in the CL contributes to

the HFR, as was shown numerically for PEMFC [225]. To further demonstrate that

the electronic resistance in electrolyzers can be larger than the protonic resistance in
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Figure 3.23 – Comparison of the protonic and through-plane electronic conductivity

of the CLs with varying Nafion volume fraction at 100% RH.

the anode CL, the HFR of PEMWE cell with the anode CL with IrOx and 35 wt.%

ionomer loading was measured. The HFR should measure the electronic resistance of

the BPPs, CCs, PTL, GDL, cathode CL, and protonic resistance of the membrane

and anode CL.

Galvanostatic EIS measurements were performed on an electrolyzer cell, with an

IrOx based CL with 35 wt.% ionomer loading and PTL on the anode and Pt/C cat-

alyst with a GDL (28BC, SGL) on the cathode of a NRE211 membrane. EIS was

carried out at a constant current density of 0.02 A/cm2 using a sinusoidal current with

an amplitude of 30% of the total current and a frequency range between 10 kHz–1 Hz

(50 points per decade). The cell was maintained at 80 ◦C and the water flowrate was

set to 9.1 ml/min. The HFR was obtained at the point where impedance spectra

intersected with the x-axis in the Nyquist plot as shown in Appendix A (Figure A.5).

The measured HFR is 50.362 mΩ·cm2, which is in agreement with Bernt and

Gasteiger [62]. If the electronic conductivity in the CL is limiting, then the HFR
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should be given by:

RHFR = RIrOx

H+ +RN211 +RCHW (3.8)

where RIrOx

H+ is the protonic resistance of the IrOx CL, in this case 38.8 mΩ·cm2 at

100% RH (Figure ??), RN211 is the protonic resistance of the membrane in contact

with the liquid water (= 12.23 mΩ·cm2), and RCHW is the electronic resistance of

the cell hardware (= 19.7 mΩ·cm2, which include two CCs, two BPPs, and one 28BC

GDL). The electronic resistance of the Pt/C CL (= 0.174 mΩ·cm2, measured using

the 4PP method) and the Ti PTL (= 1.62×10−4 mΩ·cm2, measured using the 4PP

method) are not included as their resistance was negligible as compared to the HFR.

UsingRIrOx

H+ andRIrOx

e− , the estimated HFR would be 70.76 mΩ·cm2 and 11272 mΩ·cm2,

respectively. The measured value, 50.363 mΩ·cm2, is very close to the estimated value

using RIrOx

H+ , while the estimated HFR using RIrOx

e− is 223 times higher than the mea-

sured value. This analysis demonstrates that the HFR must include the protonic

resistance rather than the electronic resistance, and that the electronic resistance

must be significantly higher than the protonic resistance. The estimated HFR us-

ing RIrOx

H+ is higher than the measured HFR as the protonic resistance of the CL at

100% RH was used rather than at liquid equilibrated.

The electronic conductivity is likely to dictate the reaction distribution in the

IrOx CL. This result aligns well with the experimental observations by Mo et al. [71]

which showed that the reaction was concentrated at the PTL-CL contact points. The

low electronic conductivity has major implications for the CL design and highlights

the need for an electron conductive support in the CL [62, 89, 91]. For the Ir CL the

reaction is likely to be more active at the CL-membrane interface as the electronic

conductivity is higher than the protonic conductivity.

3.2.7 Modelling of the hydrogen pump

A numerical model of the hydrogen pump experimental set up with a 35 wt.%

ionomer loading IL was developed by Michael Moore. Polarization curves were ob-

tained with the IL being either active or inactive to the hydrogen oxidation and
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evolution reactions. The protonic and electronic conductivity values of the IrOx IL

from the previous section were used as input parameters. Figure 3.24 shows the ex-

perimental and numerically obtained polarization curves at 80% RH. The numerical

data matches very well with the experiment, with the small discrepancy likely due

to the contact resistances that are not included in the model. Of greater interest,

however, is the difference between the model data with and without the hydrogen

reactions in the IL. Identical results are obtained, indicating that the ohmic pathway

is being utilized, and the reactive pathway is not active in the IL. This is expected as

the IrOx catalyst is known to be inactive to these reactions. However, even when the

activity of the hydrogen reaction in the IL is increased (by increasing the exchange

current density up to 8 orders of magnitude), no change in the numerically obtained

polarization curve was seen. This is in contrast to the hydrogen pump experiment for

PEMFC where an IL, without Pt, needed to be used [169]. As the electronic phase

in the IrOx IL is significantly less conductive than the protonic phase in this case,

it is not favourable in terms of overpotential to by-pass the proton transport phase

by converting the transport of protons across the IL to the transport of hydrogen

and electrons via the reactive pathway. Therefore, the numerical model shows that

the presence of the IrOx in the IL does not impact the measurement of its protonic

resistance. A carbon based IL that includes a platinum catalyst, or an IL made of

unsupported iridium black, could catalyze the hydrogen reaction however, and impact

the measurement of the protonic phase, as both these layers are likely to exhibit a

higher electrical conductivity and higher activity towards the hydrogen reaction. A

more detailed study on this possibility will be presented in a future work.

Figure 3.25 shows the reaction distribution for each CL at approximately 0.5 A/cm2.

The IL exhibits a much lower volumetric current density compared to the anode CL

(ACL) and cathode CL (CCL), confirming the lack of reaction in the IL. The hypoth-

esis that the IL could be bypassed by the reactive pathway is, however, demonstrated,

as an minimal amount of charge is observed to flow through the electronic phase in

the IL by first converting protons to hydrogen in the IL near the anode, and then

oxidizing the hydrogen near the IL/cathode interface. This indicates that a minimal

portion of the proton transport across the IL is in fact being bypassed via the hy-

94



0 0.1 0.2 0.3 0.4 0.5 0.6
−0.12

−0.10

−0.08

−0.06

−0.04

−0.02

0.00

Current density [A/cm2]

C
el
l
p
ot
en
ti
al

[V
]

Experimental

Num: w/ rxn

Num: w/o rxn

Figure 3.24 – Comparison of an experimentally obtained polarization curve with nu-

merically obtained curves that are either with or without the reaction in

the IrOx layer.

drogen reaction. Therefore, a layer that exhibits a higher activity to the hydrogen

reaction and a higher electronic conductivity will have a higher portion of the proton

transport being bypassed. Figure 3.26 shows the change in the protonic potential

across the centre line of the cell. The protonic resistance of the IL incurs the largest

drop in potential in the cell, which is significantly higher than that of the membrane

despite being significantly thinner. This result allows us to conclude the proposed

hydrogen pump technique is an accurate method to estimate the protonic conductiv-

ity of the IL, since all other resistances are significantly smaller.

Finally, the fact that the electronic conductivity of the IrOx CL is smaller than

that of the protonic conductivity has significant implications for the ohmic losses in

PEMWE cell. The ratio of the conductivities means that the reaction in the ACL of

a PEMWE cell will occur at the PTL/ACL interface. The large drop in the protonic

potential shown in Figure 3.26 will therefore also be incurred in the PEMWE cell ACL,

and would likely be comparable to the membrane resistance and therefore a major

contributor to the overall losses in the cell. Further study of the ohmic resistance

in the ACL of PEMWE cells is required to verify this result, however it appears
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Figure 3.25 – Distribution of the hydrogen reaction in the three catalyst layers. There

is a NRE211 membrane in between the IrOx layer and the other two CLs,

while a GDL is to the left and right of the anode/cathode CL respectively.

that the ACL ohmic resistance is significant. The literature typically focuses on the

PTL and membrane as the primary contributors to the ohmic resistance of the cell

[32, 33, 66, 226]; this work highlights that the ohmic resistance of the ACL should

also receive attention.
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Figure 3.26 – Change in protonic potential across the centre of the cell, including each

CL and the two membranes.

3.3 Summary and discussion

Reducing anode catalyst layer proton and electron transport resistances in PEMWE

cell is critical to improving its performance and maximizing the catalyst utilization

at high current density. A novel setup utilizing a hydrogen pump was developed

to measure the protonic conductivity of anode catalyst layers. The protonic resis-

tance of the CL was obtained by subtracting the protonic resistance of an assembly

of two NRE211 membranes hot-pressed together from an assembly of two NRE211

membranes with an intermediate layer. The through-plane and in-plane electronic

conductivities were also measured using a two- and four-probe method, respectively.

Using these techniques, the protonic and electronic conductivities of CLs with vary-

ing ionomer loading were measured. Results show that the limiting charge transport

phenomena in IrOx CL can be either proton or electron transport depending on the

ionomer loading in the CL and is protonic conductivity in Ir CLs. The results for

IrOx CLs are validated by numerical simulation, as well as by comparison to the HFR

of an electrolyzer with the same layer. The main implication of the results obtained

in this chapter is that the OER are likely to be more active at CL-membrane interface

for the Ir CL and at CL-PTL interface for the IrOx CL depending on the ionomer

content.
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Chapter 4

Improving PEMWE performance

by using carbon as pore former1

The limiting PEMWE performance in the activation region of the polarization curve

can be attributed to low ECSA. It might be due to the use of unsupported Ir/IrO2

catalyst, which resulted in low CL porosity as shown in previous two chapters. By

increasing the CL porosity, it is hypothesized that the ECSA would increase, as well

as it might be possible to have better transportation of reactant and products, which

will improve PEMWE performance in the ohmic/mass transport region. The CL

porosity can be increased by incorporating pore former in the ink and removing it

after the CL fabrication. In this chapter, carbon black is utilized in a novel way, i.e.,

as a pore former. In the previous chapter, it was observed that for the IrOx CL the

electronic conductivity is the limiting, whereas for the Ir CL the protonic conductivity

is the limiting. The implication of this is that the OER would be more active near the

CL-PTL interface for the IrOx CL and near CL-membrane interface for the Ir CL. Due

to this, it is hypothesized that the CL porosity would affect PEMWE performance

differently. Hence, both catalysts were used in this chapter to understand the effect

1This chapter is partly based on M. Mandal, and Marc Secanell, “Improved PEM Electrolyzer

Performance by Using carbon black as a Pore Former in the Anode Catalyst Layer”, Submitted to

Journal of Power Sources
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of CL porosity on the PEMWE performance, however the results of IrOx CLs are

presented in Appendix B.

4.1 Fabrication and characterization

4.1.1 Ink fabrication

The anode catalyst inks were prepared by mixing 179 mg of Ir (3000020267, Umi-

core) and the carbon (Vulcan XC-72, 590106, Fuel Cell Store) with a mixture of

isopropanol (IPA) (CAS: 67-63-0, Sigma-Aldrich), propylene glycol (PG) (CAS: 57-

55-6, Sigma-Aldrich), and Nafion solution (Liquion solution LQ-1105 1100EW 5 wt.%,

Ion Power) following the process discussed in Chapter 2. The carbon content in the

anode catalyst ink was varied, such that the carbon to total solid volume fraction

varied between 0 and 0.2. The ratio of IPA and PG in the ink was varied to maintain

a constant solid volume fraction in the final ink. Ionomer was added to the inks to

achieve a loading of 15 wt.%.

The cathode ink was fabricated by mixing 37.5 mg of Pt/C (46.7 wt.% Pt/C,

TEC10EA50E, TKK) in a 48:52 wt.% ratio mixture of IPA and PG following the

process discussed in Chapter 2. A 321 mg Nafion solution was added to achieve a 30

wt.% ionomer content in the cathode electrode.

4.1.2 CCM fabrication

The CLs were printed on N212 membrane following the procedure discussed in

Chapter 2. For printing, a piezo-voltage of 32 V and a drop spacing of 20 µm was

used. The electrodes were printed on an area of 5 cm2 on the membrane. A catalyst

loading of 1 mg/cm2 was maintained in the anode CL. A Pt loading of 0.2 mg/cm2

was maintained in the cathode CL.
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4.1.3 Characterization of the CCM

4.1.3.1 Microscopic imaging

Scanning electron microscopy (SEM) was performed using Zeiss Sigma 300 VP-

FESEM at an accelerating voltage of 5 kV to image CLs. Images were used to

measure the CL thickness and to study the CL microstructure. The SEM samples

were prepared by cryo-fracturing the CCMs using liquid nitrogen. Several images

were taken at different locations of the CL to account for any inhomogeneities in the

CL thickness. The CL thickness was measured using ImageJ software by measuring

the thickness at ten locations of an image, and several images were considered. The

thickness of the membrane was also measured and compared to the manufacturer’s

specification to verify that the measured CL thickness was not affected by image tilt.

An error of less than 3% was observed.

The porosity of the CLs was calculated based on the CL thickness and ink com-

position, either including or neglecting the carbon content in the CL, as described in

the Appendix B.

The SEM imaging of post-operation CLs were obtained after a short stability test.

For this, the CCM was placed on a flat surface, and then the porous transport layer

(PTL) on the anode side was lifted slowly from a corner. Similarly, the gas diffusion

layer (GDL) on the cathode side was also removed before cryo-fracturing the used

CCM.

4.1.3.2 Electrochemical characterization

4.1.3.2.1 Experimental setup A single cell with single serpentine bipolar plates,

consisting of a custom-made titanium plate in the anode and a graphite plate in the

cathode, was used for testing. A Pt coated Ti felt (2GDL10-0.25, Bekaert) of thick-

ness 250 µm and a GDL without a microporous layer (SGL 28BA, Sigracet) were

used in the anode and cathode, respectively. The cell and water temperatures were

maintained at 80 ◦C by a thermal regulator/control (CN414-R1-R2, Omega). A vari-

able power supply (1688B, BK Precision) was used to obtain the polarization curve
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range of current from 0.02 to 4 A/cm2. The measurement of the cell voltage was

performed using an Arduino card and custom-built software. A potentiostat (SP300,

Bio-logic) was used for cyclic voltammetry (CV), linear scan voltammetry (LSV), and

electrochemical impedance spectroscopy (EIS) tests. Water was supplied at a rate of

15 ml/min by a peristaltic pump (Minipulse 3, Gilson).

4.1.3.2.2 Conditioning of the cell To obtain a polarization curve, the cell was

conditioned first by applying current densities of 0.02, 0.1, 0.2 and 1 A/cm2 for 15

minutes each and then, 5 minutes at 2 A/cm2. It is assumed that the carbon will

corrode completely during the conditioning step, as it would take less than 15 minutes

at 0.02 A/cm2 to oxidize 0.42 mg of carbon present in the CL with carbon to total

solid volume fraction of 0.2.

4.1.3.2.3 Measurement of electrochemical surface area (ECSA) Cyclic

voltammograms were obtained after conditioning the cell, at 30 ◦C by flowing 0.2 slpm

fully humidified H2 in the Pt/C (reference) electrode and 0.05 slpm fully humidified

N2 in the working electrode. Potential scans were performed at 40 mV/s from 0.005

to 1.35 V.

The ECSA of the Ir CL after conditioning the cell (ECSAInitial) was estimated

using the integral charges due to hydrogen underpotential deposition (HUPD) in the

CV profiles (in the potential range of 0.03 to 0.35 V versus the reversible hydrogen

electrode (RHE)) as shown by the green shaded region in Figure B.3, QInitial
HUPD, using

ECSAInitial =
QInitial

HUPD

qHUPD

(4.1)

where qHUPD is the charge constant associated with underpotentially deposited

hydrogen on Ir, assumed to be 179 µC/cm2 [96].

4.1.3.2.4 Polarization curve The galvanostatic polarization curves were ob-

tained from a current density of 0.02 to 4 A/cm2 by holding for 2 minutes at each

current density to ensure stabilization and the data was averaged over the last 10

seconds. Two forward and backward current sweeps were performed to obtain two

polarization curves, which were then averaged to obtain a single polarization curve.
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4.1.3.2.5 Kinetic parameters Tafel curves were obtained from linear sweep

voltammetry (LSV) data obtained with potentiostat (SP300, Biologic) in the cur-

rent densities range of 2 to 2000 mA/cm2. To obtain kinetic parameters, the linear

region of the curves were fitted to a line using MATLAB. The overpotential is calcu-

lated as the difference between the cell potential and the theoretical potential (1.18 V)

at the operating conditions.

4.1.3.2.6 Electrochemical impedance spectroscopy (EIS) Galvanostatic EIS

measurements were performed at current densities of 0.02, 0.1, 0.2, 1, and 2 A/cm2

using a sinusoidal current of amplitude 10% of the total current and a frequency

range between 50 kHz–100 mHz (50 points per decade). The Pt/C electrode was

used as the reference electrode and the Ir/IrOx electrode (anode) was used as the

working electrode. The cells were maintained at 80 oC and the water flowrate was

set to 15 ml/min. The impedance spectra were fitted to the equivalent circuit shown

in Figure 4.11g using the “zfit” MATLAB code [196] in order to estimate the high

frequency resistance (HFR), charge transfer resistance (Rct) and exponent, n, and

pre-exponential, Qdl, factors of the constant phase element (CPE).

4.1.3.3 Stability test

Stability tests of Ir CLs were performed at 1 A/cm2 for 24 hours at 80 ◦C with wa-

ter flow rate of 15 mL/min. The cell was brought to room temperature and deionized

water was refilled before starting the test. The data was measured every 10 seconds.

4.2 Results for Ir catalyst anode

In order to study the viability of carbon as a pore former, several cells comprised

of anode CLs with varying carbon content were fabricated. A summary of all the

fabricated and tested cells is shown in Table 4.1. The loading is calculated using a

gravimetric method [200].
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Table 4.1 – Composition of Ir CCMs under study and MEA configuration..

CCM Cell C to total Cat. load. Naf. load. MEA configuration

tested solid [mg/cm2] [wt.%]

vol. frac. Ir | Pt An | Cath PTL | ACL | PEM | CCL | GDL

CCM-C0-Um 3 0 0.99 | 0.19 15 | 30 Pt-Ti felt | Ir | N212 | Pt/C | 28BA
CCM-C0p1-Um 1 0.1 1.00 | 0.21 15 | 30 Pt-Ti felt | Ir | N212 | Pt/C | 28BA
CCM-C0p2-Um 3 0.2 1.04 | 0.2 15 | 30 Pt-Ti felt | Ir | N212 | Pt/C | 28BA

4.2.1 SEM characterization

Figure 4.1 shows the CL cross-sectional SEM images of new and post operation

CLs. The measured thickness of the CLs is shown in Figure 4.2a. Since the catalyst

loading was not identical in all cases, the CL thickness is divided by the loading to

obtain a thickness per mg/cm2 of catalyst. The normalized thickness of CLs increased

with an increase in the carbon content.

The calculated porosity is shown in Figure 4.2b. The porosity of the CL is com-

puted twice, once assuming the carbon is still present, and then assuming it is com-

pletely corroded, but the void space formed is maintained. The porosity of the CLs

increased with an increase in the carbon content. It is interesting to note that most

of the observed increase in the porosity occurred with the addition of carbon, and

not after the carbon corrosion step. Therefore, the addition of carbon changes the

ionomer-catalyst-solvent interaction such that additional pore volume is generated.

The results from dynamic light scattering (DLS) of the ink showed little change in

the particle size distribution (see Appendix B). This suggests that the main difference

occurs during the drying process.

Post-operation, the thickness of the CL was again measured using SEM and the

porosity was calculated. The CLs exhibited reduced porosity due to the compression

of the CLs. The decrease in the porosity of the post operation CLs is higher with a

higher carbon content, as these CLs have a higher porosity before assembly, making

them more compressible. A side effect of this compressibility is that there may be a
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better contact between the CL and the PTL.

4.2.2 Catalyst layer surface imaging

In order to further characterize the CLs, the surface SEM images of the new Ir

CLs were captured as shown in Figures 4.3.

Many cracks of size 1.74±0.33 µm were observed in the CL without carbon (Fig-

ures 4.3a and 4.3b) whereas no cracks were observed in CLs with carbon (Figures

4.3e and 4.3f). The porosity of the CL without carbon, once the volume of cracks is

removed, might be even lower. Again, this might be due to the carbon and ionomer/-

catalyst interactions; however, further research is needed to better understand the

nature of these interactions.

After the performance and short-term durability were evaluated, the CLs were

imaged again. Figure 4.4 shows the surface SEM images of post-operation CLs. A

lot of indentations can be seen in all CLs from the Ti felt fibers. It was observed that

the indentations are deeper for CLs with higher carbon loading due to the increased

porosity. A deeper indentation could improve the contact with the PTL. This is a

welcome impact due to the poor conductivity of the anode CL, causing a high inter-

facial resistance with the PTL [160, 227].

A lot of new small cracks have also appeared in the CL without carbon but not in

CLs with carbon as shown in Figure 4.4b. The new cracks are in a star pattern and

upon closer inspection, they appear to have a volcano-like shape with the CL lifting

off the PEM as shown in Figure 4.5. This observation suggests that the new cracks

may have been created by evolving oxygen gas bubbles within the CL as they forced

their way out to the PTL. As the electronic conductivity is higher than the protonic

conductivity, the OER would be more active at the anode CL–membrane interface

and that the oxygen need to travel through the entire CL to reach the PTL. As the

porosity of the CL without carbon is low, there may not have been sufficient pathways

for the oxygen transport, hence new cracks were generated by the hypothesized build

up of gas pressure within the layer. This phenomenon did not occur in CL with
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(a) New CCM-C0 (b) Used CCM-C0

(c) New CCM-C0p1 (d) Used CCM-C0p1

(e) New CCM-C0p2 (f) Used CCM-C0p2

Figure 4.1 – Cross-section SEM images of the new (left) and used (right) Ir catalyst

layers with zero (top), 10% (middle) and 20% carbon volume fraction.
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Figure 4.2 – Catalyst layer thickness after normalizing with catalyst loading (a) and

porosity (b).

carbon, as it is more porous and therefore likely has sufficient pathways for oxygen

transport. The width of the cracks which were present in the new CL (seen as long

cracks and not the star patterned) before assembly decreased from 1.74 ± 0.33 to

0.79 ± 0.22 µm. This might be due to in-plane swelling of CL once in contact with

water.

4.2.3 Measurement of electrochemical surface area

Cyclic voltammetry tests were conducted to determine the ECSA. For repeatabil-

ity, voltammograms were obtained for three CCMs without carbon (CCM-C0) and

three CCMs with carbon to total solid volume fraction of 0.2 (CCM-C0.2). The ob-

tained voltammograms are shown in Figure 4.6, which showed good repeatability.

The effect of the carbon content on initial voltammograms after conditioning the

cell is shown in Figure 4.7. The estimated ECSA of the CCMs are shown in Table 4.2.

The ECSA increased with an increase in the carbon content, which might be due to

the increased CL porosity. The ECSA of CCM-C0.2 increased by 25% as compared

to the CCM without carbon. The obtained ECSA is in agreement with literature

data as shown in Table 4.2 for the Ir nanoparticle catalyst [96, 189]. The ECSA of all
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(a) CCM-C0 (b) CCM-C0

(c) CCM-C0.1 (d) CCM-C0.1

(e) CCM-C0.2 (f) CCM-C0.2

Figure 4.3 – SEM surface images of new CCM-C0 at low (50x) (a) and at high (500x)

(b) magnification, CCM-C0.2 at low (50x) (c) and at high (500x) (b), and

CCM-C0.2 at low (50x) (e) and at high (500x) (f).
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(a) CCM-C0 (b) CCM-C0

(c) CCM-C0.1 (d) CCM-C0.1

(e) CCM-C0.2 (f) CCM-C0.2

Figure 4.4 – Surface SEM images of the used CCM-C0-Um (a) and (b), CCM-C0.1-Um

(c) and (d), and CCM-C0.2-Um (e) and (f).
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(a) (b)

Figure 4.5 – A closer look at the newly formed cracks in the Umicore CL without

carbon. The surface image of the same CL is shown in Figure 4.4b.

CCMs after the polarization curve was also estimated and compared with the initial

ECSA as presented in Appendix B. The ECSA before and after the polarization curve

are similar and are in line with the BET surface area of 25 m2/g of Ir catalyst, given

by the supplier.

The shape of the initial voltammograms (Figure 4.7) is similar to those reported

for Ir black electrodes, e.g., in ref. [96, 189]; however, the HUPD peak decreased slowly

during the testing such that voltamograms obtained after testing showed a reduced

HUPD and increased peak at 0.4 to 1.25 V. Tan et al. [96] showed that the HUPD

peaks in the CV quickly diminished, as the metallic Ir surface quickly oxidizes to

form an oxohydroxide layer, and a relationship existed between the decrease/increase

of the two peaks, such that the latter peak could also be used to estimate ECSA.

Therefore, when estimating the ECSA after testing, both peaks are taken into account

as discussed in Appendix B. It should be noted that the reduction of the HUPD

region in the CV after testing observed for the CCMs detailed in Table 4.1 was small

compared to ref. [96] possibly due to the higher catalyst loading in CCMs. In this

work, in order to observe a large reduction in the HUPD peak, and corresponding

increase of the anodic charge in the potential range between 0.4 and 1.25 V, 240 cycles
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Figure 4.6 – Repeatability of the voltammograms (a) CCM-C0, and (b) CCM-C0.2.

Table 4.2 – Electrochemical surface area (m2/g) of the CCMs under study and litera-

ture.

CCM name ECSAInitial

CCM-C0-Um 21.5 ± 1.2

CCM-C0.1-Um 25.0

CCM-C0.2-Um 26.9 ± 0.2

Ref. [189] 28.7

Ref. [96] 21 ± 5

at 500 mV/s had to be performed for an Ir anode without carbon and with 5 wt.%

ionomer loading, as presented in Appendix B.

4.2.4 Polarization curve

4.2.4.1 Repeatability

Three cells with and without carbon in the anode CL were tested for repeatability.

The recorded polarization curves are shown in Figures 4.8a and 4.8b. The measured

polarization curves showed excellent reproducibility, with an average standard devi-

ation of 3 mV for both cells with and without the carbon.
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Figure 4.7 – Voltammograms of CCMs with varying carbon content after conditioning

the cells (CCM-C0 and CCM-C0.2 are the average of three CVs with an

average standard deviation of 2.4 mA)
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Figure 4.8 – Repeatability of the polarization curves of Ir catalyst layers (a) CCM-

C0-Ir, (b) CCM-C0.2-Ir.
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Figure 4.9 – Polarization curves of cells with varying carbon content (Error bar for

CCM-C0 and CCM-C0.2 are based on standard deviation from three cells).

4.2.4.2 Effect of carbon loading

Figure 4.9 shows that the performance of cells improved with increasing carbon

content. The potential improvement between the CCM without carbon and with

carbon to total solid volume fraction of 0.2 was 25 and 54 mV at 2 and 4 A/cm2, re-

spectively. The improvement at low current density can be attributed to an increased

ECSA, as shown in Section 4.2.3. At high current density, it can be attributed to

decreased HFR, as will be shown in Section 4.2.6.

4.2.5 Kinetic parameters

To understand the effect of carbon on the activity of the CL, a Tafel plot analysis

was performed. Figure 4.10 shows the Tafel plots where a linear region is only observed

in a very narrow potential window, indicating either a change in Tafel slope at higher

potential or mass/charge transport losses at less than 0.1 A/cm2 even in the very

porous electrodes. Kinetic parameters were calculated in the linear region between

1.36 and 1.41 V. Table 4.3 shows the parameters along with literature data. The Tafel

slopes showed little variation with the carbon content, confirming the same reaction
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Figure 4.10 – Tafel curves of cells with varying carbon content (CCM-C0 and CCM-

C0.2 are the average of three curves).

mechanism is taking place. The exchange current density increased by 38% with the

addition of carbon, in line with the measured 25% increase in the ECSA. With respect

to literature data, both Tafel slope and exchange current density show discrepancies;

however, the differences are similar to those observed between the different references.

The differences could be due to a number of factors, including different operating

conditions such as temperature, different experimental set ups, e.g., RDE vs MEA,

different metal and ionomer loadings, and the potential range used to fit the data.

4.2.6 Electrochemical impedance spectroscopy

Figure 4.11 shows the Nyquist and Bode plots obtained from EIS tests at dif-

ferent operating current densities. The Nyquist plot was fitted to the equivalent

circuit shown in Figure 4.11g, and the fitting parameters are given in Table 4.4. The

impedance spectra obtained using the EIS equivalent circuit are also shown in Figure

4.11 along with the experimental data. The fit is in excellent agreement with the

experimental impedance data.
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Table 4.3 – Kinetic parameters from Tafel analysis of the CCMs in

Table 4.1 and literature reported values.

CCM name Catalyst Tafel slope i0×10−8 i0×10−8

used (mV/dec) (A/cm2
geo) (A/mgcat)

CCM-C0-Um Ir 37.6 ± 1.5 1.54 ± 0.2 1.56 ± 0.2

CCM-C0.1-Um Ir 38.2 2.10 2.10

CCM-C0.2-Um Ir 37.9 ± 1.7 2.31 ± 0.6 2.22 ± 0.6

Ref. [228] Ir 42.9 0.02 0.32

From data in ref. [96]a Ir 52.1 1.11 22.1

From data in ref. [229]b Ir 66.4 0.04 –

From data in ref. [230]c Ir 70.4 0.77 –

a b c Calculated by fitting a Tafel curve to the extracted data from the polarization curve

between 1.45 and 1.50 Va, between 1.54 and 1.6 Vb, and between 1.47 and 1.57 Vc provided

in the articles.

Table 4.4 – Parameters of the equivalent circuit fitted to impedance spectra of Ir

catalyst layers

CCM name J HFR Rct1 Qdl1 n1 Rct2 Qdl2 n2

[A/cm2] [mΩ·cm2] [mΩ·cm2] [sn/(Ω·cm2)] [mΩ·cm2] [sn/(Ω·cm2)]

CCM-C0-Um 0.02 63.4 242.3 0.1477 0.79 651.3 0.2029 0.99

CCM-C0.1-Um 0.02 60.7 142.3 0.151 0.81 721.7 0.245 0.95

CCM-C0.2-Um 0.02 56.6 141.0 0.105 0.79 718.7 0.246 0.95

CCM-C0-Um 0.1 62.9 118.2 0.2045 0.77 147.6 0.1619 0.94

CCM-C0.1-Um 0.1 60.2 103.8 0.205 0.77 142.5 0.220 0.94

CCM-C0.2-Um 0.1 56.6 99.7 0.135 0.77 148.4 0.231 0.94

CCM-C0-Um 1 63.4 2.0 0.08 1.0 36.0 0.1886 0.82

CCM-C0.1-Um 1 60.1 4.2 0.063 1.00 33.1 0.161 0.87

CCM-C0.2-Um 1 56.8 5.5 0.497 1.00 30.9 0.189 0.84

CCM-C0-Um 2 64.3 2.2×10−5 0.0717 0.98 20.2 0.3077 0.77

CCM-C0.1-Um 2 60.0 5.7×10−5 0.082 0.98 20.8 0.301 0.77

CCM-C0.2-Um 2 57.0 1.1×10−4 0.501 1.00 20.0 0.255 0.77
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Figure 4.11 – Nyquist and Bode plots at a current density of 0.02 A/cm2 (a) and

(b), 0.1 A/cm2 (c) and (d), 1 A/cm2 (e) and (f) of Ir catalyst layer and

equivalent circuit used for fitting of impedance spectra (g). HFR is the

high frequency resistance, CPE is the constant phase element, and Rct is

the charge transfer resistance.
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The obtained HFR decreased with an increase in the carbon content, despite an

increase in the CL thickness. The lower HFR is likely due to improved contact re-

sistance between the anode CL and the PTL. The electronic conductivity of Ir CLs

without carbon was measured to be an order of magnitude higher than the protonic

conductivity, i.e., 4.8×10−2 S/cm vs 5.6×10−3 S/cm, using the procedure described

in ref. [231]. The HFR only includes the most conductive phase in the CL [225],

therefore the decreasing HFR must be due to increased electron conduction. This ob-

servation is in line with Figure 4.4 in Section 4.2.2, which showed that the surface of

the high carbon loaded anode CL had deeper PTL fiber indentations in the CL than

in the CL without carbon, indicating that there was an improved contact between

the two layers.

Two charge transfer resistances (Rct1 and Rct2) were obtained corresponding to

the arcs in the high and low frequency range in Nyquist plot. It is usually assumed

that the low frequency arc corresponds to the anodic (slow kinetics) charge trans-

fer resistance and the high frequency arc corresponds to the cathodic (fast kinetics)

charge transfer resistance [159]. In this case however, it is hypothesized that both

arcs are due to the anode electrode for the following reasons: i) even though all

cathode CLs are identical, the observed high frequency charge transfer resistance is

different; ii) if the high frequency arc was due to the fast kinetics in the cathode,

then Rct1 would have quickly reduced at higher overpotentials, i.e., at a current of 0.1

A/cm2, as compared to Rct2; iii) Kosakian and Secanell [232] showed by modelling the

impedance data of a single electrode in PEMFC that high frequency arcs could also

develop due to CL inhomogeneities. The EIS should be further investigated in order

to assign a physical phenomenon to each arc. In this study, it is assumed that both

resistances are caused by the anode kinetics, and so the combined charge transfer re-

sistance (Rct1+Rct2) is used to study anode electrode kinetics. The combined charge

transfer resistance decreased with an increase in the carbon content, in agreement

with the measured higher ECSA and exchange current density.

In Section 4.2.4, a potential difference of 54 mV was observed at 4 A/cm2 between

the cell without carbon (CCM-C0) and with a carbon loading of 20 vol.% (CCM-
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C0.2). Considering the HFR difference of 7.5 mΩ·cm2 between the same cells, a

cell potential improvement of 30 mV can be assigned to the lower HFR. The rest

of the potential improvement, i.e., 24 mV, is due to improved kinetics and, possibly

improvements in charge and mass transport.

4.2.7 Stability and post operation analysis

Figure 4.12 shows the results of a chronopotentiometry test at 1 A/cm2 for 24 h.

During first 6 h of operation, the cell voltage of CCM-C0, CCM-C0.1, and CCM-C0.2

increased quickly from 1.575, 1.566, and 1.565 V to 1.602, 1.593, and 1.589 V, respec-

tively. The increase in voltage during this time was lowest for CCM-C0.2, which

might be due to improved mass transport in the CL due to a higher CL porosity.

After 6 h, the cell voltage increased linearly. Degradation rates were calculated

using a linear fit to experimental data after the first 6 hrs of operation. The linear fit

is shown in Figure 4.12. The calculated degradation rate for CCM-C0, CCM-C0.1,

and CCM-C0.2 are 626, 647, and 529 µV/h, respectively. In agreement with the

initial increase in voltage, the lowest degradation rate was also obtained for the cell

with a carbon to total solid volume fraction of 0.2.

As mentioned above, the electronic conductivity of the anode CL without carbon

is an order of magnitude higher than the protonic conductivity, hence it is expected

that the oxygen evolution reaction (OER) would be more active near the anode CL–

membrane interface and that the oxygen would need to travel through the entire CL

to reach the PTL. As the porosity of the CL without carbon is low, there may not

have been sufficient pathways for oxygen transport. Hence, a build up of gas could

be formed, leading to crack formation and degrading the CL. This agrees with the

SEM images, where volcano-like shaped cracks were observed. These cracks were not

observed in CL with carbon, as the CL is more porous and therefore likely to have

sufficient pathways for oxygen transport. Hence, both the performance and stability

were improved for the CL with carbon.
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Figure 4.12 – Chronopotentiometry test results at 1 A/cm2. The voltage is the average

of three cells with an average standard deviation of 1.3 and 3 mV for CCM-

C0 and CCM-C0.2, respectively.

4.3 Results for IrOx anode

In order to study the effect of pore former for CL with other catalyst, the addition

of carbon in the ink was also studied for CLs with IrOx catalyst (ELC-0110, Tanaka

Kikinzoku International (TKK)). The CL had a catalyst loading of 1 mg/cm2 and

a 35 wt.% ionomer loading. The results from SEM, cyclic voltammetry, polariza-

tion curve, and EIS tests for these cells are given in Appendix B. The three main

differences between IrOx and Ir cells were: i) the IrOx CL has very poor electronic

conductivity (the electronic conductivity is three orders of magnitude lower than the

protonic conductivity, see Chapter 3), ii) a Ti sintered PTL was used in the anode

instead of a felt, and iii) an NRE211 membrane was used instead of NRE212. The

latter two changes were not intentional, but due to material availability. As in the

case for Ir catalyst, the IrOx CL porosity increased and cracks were reduced with

increasing carbon content. The SEM images of post operation CLs surface however

did not show the volcano-like shaped cracks observed in the Ir CL without carbon,

indicating that, unless the change was due to the different PTL, the IrOx CL does

not suffer from the hypothesized high gas pressure build up in Ir CL. This is despite
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having a lower CL porosity, which would be expected to reduce the permeability

of the layer. In addition, a significant loss of catalyst for CL with carbon in areas

under the land was observed when the carbon to IrOx volume ratio was 0.25. This

might be due to: i) the higher content of carbon in the CL which, when corroded,

led to dislodgement of catalyst particles, ii) the removal of the PTL from the CCM

for imaging purposes which resulted in the section of the CL being peeled off. Since

the CL with a low carbon content did not show the same loss of catalyst, there might

be an upper carbon content above which the structural integrity of the IrOx CL

is reduced. The porosity of the IrOx CLs were much lower than the Ir CLs. This

might be due to a higher ionomer loading and due to different particle shape and size.

The calculated ECSA increased and then decreased with an increase in the carbon

content. The initial increase is expected due to the increase in the CL porosity, lead-

ing to an increased exposure of catalyst to the electrolyte. However, the subsequent

decrease in the ECSA was not expected and may have been caused by detachment

of the catalyst particles from the CL during the corrosion of the carbon. The actual

ECSA might not have decreased. As the loss of catalyst is not known, the initial

IrOx loading was used to calculate the ECSA and hence, a decrease in the ECSA

was obtained. This is reflected in the surface SEM images of post-operation IrOx CL

with carbon to IrOx volume ratio of 0.25, which showed significant loss of the catalyst.

The variation in the cell performance of IrOx CLs with carbon is shown in Fig-

ure 14 in Appendix B. Unlike the previous case, the cell performance only increased

at low current density. As discussed earlier, a significant difference between Ir and

IrOx is the low electrical conductivity of the latter. While the proton conductivity is

limiting for the Ir CL, in the IrOx CL the electronic conductivity is limiting. In this

case, the OER would be more active near the CL-PTL interface and the increased CL

thickness with increased porosity would induce higher proton transport losses, due to

the longer path the protons must travel. As a result, despite an increase in ECSA,

an improvement at high current density was not observed due to an increase in the

HFR, as shown in Figure 15 of Appendix B. Another possible reason for the lack of

improved performance might be the type of PTL used.
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These results show that the use of a pore former to increase the cell performance

is highly dependent on the type of catalyst and PTL used in the cell. The difference

between the two catalysts in terms of the impact of the pore former is stark, and

should be studied further so that pore formers can be correctly utilized in the future.

4.4 Summary

The addition of carbon nanoparticles was studied as a method to increase the

porosity of PEMWE anode CLs. CCMs with varying carbon content were fabricated.

Cross-section SEM imaging revealed an increase in the CL porosity due to the ad-

dition of carbon, even without removing it. Carbon corrosion resulted in an even

higher porosity. Surface SEM imaging of CLs without carbon also showed that the

addition of carbon helped eliminate cracks during manufacturing, as well as volcano-

shaped cracks during operation. It is hypothesized that the volcano-shaped cracks

are indicative of gas being trapped within the CL, as the OER is likely to occur near

the membrane. The increased porosity is hypothesized to allow the CL to remove the

gas more effectively. CV showed that the ECSA increased with an increase in the

carbon content, from 21.5 to 26.9 m2/g, in agreement with the observed increase in

exchange current density from the Tafel analysis. The electrochemical performance

showed an improvement of 25 and 54 mV at 2 and 4 A/cm2 for the CCM with carbon

to total volume fraction of 0.2. At low current density, the improvement was due

to increased ECSA. Using EIS, it was shown that the improvement at high current

density was mainly due to a decrease in the HFR. The decreased HFR is due to better

contact between the CL and the PTL. Short-term degradation result showed a lower

degradation rate of 529 µV/h for the CCM with carbon to total volume fraction of

0.2. The addition of carbon to an electrode made with IrOx catalyst instead of Ir

also achieved an increase in porosity and ECSA. Unfortunately, the performance did

not increase at high current density. It is hypothesized the lack of improvement is

due to the reaction distribution for this catalyst being close to the CL-PTL interface,

thereby leading to increased proton transport overpotential due to the increased CL

thickness. The other hypothesis, which cannot be rejected, is that the change was
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due to the use of a different PTL.
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Chapter 5

Conclusions and future work

Hydrogen production from renewable sources of energy, such as solar and wind,

using water electrolysis is necessary to limit the GHG emissions from fossil fuel. While

PEM electrolysis have been studied since 1960s, the capital and operating costs still

need to be decreased and durability still needs to be increased for the widespread

utilization of this technology. In order to increase PEMWE cell performance and

decrease cost, it is necessary to understand which MEA properties must severely affect

these parameters. Identifying these parameters will facilitate the design of optimum

CLs. For example, by identifying the parameters that limit activation losses, such

as catalyst activity and ECSA, activation losses can be minimized. Similarly, by

measuring the proton and electron transport resistances, the ionomer loading can be

optimized to achieve a trade off between proton and electron transport and, as a

result, ohmic losses can be minimized.

5.1 Conclusions

PEMWE CCMs were fabricated using inkjet printing by developing a unique ink

formulation for anode PEMWE cell CLs. The anode CL morphology was analyzed

using optical and electron microscopy for surface and thickness characterization. The

CL was found to be uniform and well adhered to the membrane. EDX imaging showed

even distribution of ionomer and catalyst in the CL. Hydrogen crossover, CV, and

electrochemical performance tests were also performed. The hydrogen crossover, in
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line with Nafion membrane permeability measurements, showed that the PEM was

not damaged during the CCM fabrication. The double layer capacitance obtained

from CV and EIS tests were similar at low current densities, but the double layer

capacitance measured by EIS appeared to decrease with increasing current density.

The Tafel slope was similar to literature data while the exchange current density ap-

peared to be lower, most likely due to the use of the commercial IrO2 catalyst from

Alfa Aesar. The electrolyzer CCMs fabricated by inkjet printing could generate 1

and 2 A/cm2 at potentials of 1609 mV and 1696 mV, respectively, using an NRE211

membrane. Using Nafion 117 membrane, the same current densities were obtained at

1743 mV and 1977 mV. These results outperformed most of the previously reported

results in the literature using similar loading and more active catalysts. The CCMs

also showed stable performance when tested for 24 hours. These results suggest that

inkjet printing can be used to fabricate electrolyzer electrodes with good performance.

In this study, only 44 mg IrO2 were used to produce three 5 cm2 CCMs, thereby show-

ing that the inkjet printing can be used to produce CCMs with very small amount

of catalyst and with minimal wastage, making the method ideal for screening new

catalysts under MEA conditions.

In order to decrease ohmic losses, understanding the trade-off between protonic

and electronic conductivity of the CL with ionomer loading is necessary. For the sec-

ond part of this thesis, the effective protonic and electronic conductivities of anode

CLs made of TKK IrOx and Umicore Ir with varying ionomer loading were measured.

To measure the protonic conductivity of the anode CLs, a novel setup utilizing the

H2 pump technique was developed. The through-plane and in-plane electronic con-

ductivity were also measured using a modified two-probe and a four-probe method,

respectively. For IrOx CLs, at 100% RH, the electronic conductivity was measured

to be much lower than the protonic conductivity at above 15 wt.% ionomer load-

ing and higher than protonic conductivity below 15 wt.%. Increasing the ionomer

loading from 5 to 25 wt.% resulted in an increased protonic conductivity and the

cell performance. The through-plane electronic conductivity of IrOx CLs decreased

with increasing ionomer loading. The in-plane electronic conductivity is higher than

the TP electronic conductivity for IrOx CLs, indicating some anisotropy in the layer.
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Numerical modelling of the hydrogen pump cell showed that the presence of the IrOx

catalyst in the intermediate layer did not impact the measurement of the protonic

resistance of the IrOx layer as the hydrogen reactions will not take place in the in-

termediate layer. Further, most of the drop in cell voltage in the hydrogen pump

experiment occurred in the intermediate layer, thereby proving the accuracy of the

setup. For Ir CLs, at 100% RH, the electronic conductivity is always higher than the

protonic conductivity. The trade-off between protonic and electronic conductivity is

likely to influence the OER distribution. If the proton conductive electrolyte is the

least conductive phase, the OER would be more active at the CL–membrane inter-

face. This is the case for the Ir CL. For the IrOx CL, however, electron conduction is

limiting and, as a result the OER will be more active at the at the CL–PTL interface.

This result suggests different optimal ionomer distributions for different cases and

highlights the importance of the electronic and protonic conductivities of the anode

CL, properties that are seldom reported in PEMWE literature.

In the third part of the thesis, the addition of carbon nanoparticles to the ink

formulation was studied for the first time in the literature as a method to increase

the porosity of PEMWE cell anode CLs. CCMs with catalysts of varying electrical

conductivity and different carbon volume fractions were fabricated. SEM imaging

revealed an increase in the CL porosity due to the addition of carbon, even without

carbon removal. Carbon corrosion resulted in an even higher porosity. The addition

of carbon also helped eliminate cracks during manufacturing. The SEM imaging of

the surface of Ir CLs without the carbon showed numerous cracks and, after testing,

volcano shaped figures, possibly due to oxygen bubbles. These disappeared with the

addition of carbon. It is hypothesized the cracks are indicative of gas being trapped

within the Ir CL, as the OER is likely to be more active near the membrane. The

increased porosity allowed the CL to transport the gas more effectively. The SEM

imaging of the surface of IrOx CLs showed significant damage at high carbon content,

indicating that there is a maximum carbon content above which the mechanical in-

tegrity of the IrOx CL is compromised. Cyclic voltammetry showed that the ECSA of

Ir and IrOx CLs increased with an increase in the carbon content. For IrOx CLs the

ECSA, however, decreased at carbon to IrOx volume fraction higher than 0.1, possi-
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bly due to the loss of catalyst particles during carbon corrosion. The electrochemical

performance showed an improvement of 25 and 54 mV at 2 and 4 A/cm2 for the Ir

CL with carbon. Using EIS, it is noted that the improvement is due to an increase

in the HFR and charge transfer resistance. The improved HFR is hypothesized to be

due to a better contact between the Ir CL and the PTL, whereas the decreased charge

transfer resistance is due to the higher ECSA. A similar performance improvement

was not observed in the case with IrOx CL. The polarization curve of IrOx CCMs

with carbon showed improved performance at lower current densities, but did not

at higher current density. The performance improvement was due to an increase in

the ECSA, however due to a higher HFR when carbon was added, the performance

decreased at higher current densities. While CCM with carbon to IrOx volume frac-

tion of 0.1 showed the highest ECSA, a similar improvement was not seen for higher

carbon loading, indicating that the removal of carbon was having an impact beyond

increasing the ECSA. A short-term degradation result of Ir CLs showed a lower degra-

dation rate of 529 µV/h for the CCM with carbon to total volume fraction of 0.2.

These results indicated that, for some catalysts, the PEMWE cell performance can

be improved by using carbon as a pore former, and that there might be an optimal

pore former content.

5.2 Future work

The ionomer loading plays a critical role in determining the ECSA and ohmic

losses. The optimized ionomer content varies greatly in literature, from 5–25 wt.%

[52, 62, 69, 72, 233]. It is hypothesized that the reason for the widespread optimum

ionomer loading is because its value may depend on the catalyst electronic conduc-

tivity and its specific surface areas [106]. A catalyst with low electronic conductivity

will require more ionomer as the OER will be more active at the PTL-CL interface,

and therefore the electrolyte network will have to transport more charge. Similarly,

a higher surface area catalyst would require a higher ionomer loading to coat all the

particles in the electrode, whereas a lower surface area catalyst would require a lower

ionomer loading. The latter is illustrated in Figure 5.1, where Figure 5.1b shows the

optimum ionomer loading for higher surface area catalyst and Figure 5.1e shows for

125



Increasing	ionomer	loading

Membrane

(d)
Membrane

(a)

Membrane

(e)

Membrane

(b)

Membrane

(c)

Membrane

(f)

Same	ionomer	 loading Same	ionomer	 loading

Figure 5.1 – Schematic of the illustration to show the effect of ionomer loading with

varying catalyst surface area. High surface area catalyst (a), (b), and (c).

Low surface area catalyst (d), (e), and (f).

Table 5.1 – Optimum ionomer loading in literature.

Name Catalyst BET Surface Optimum Nafion

area [m2/g] content [wt%]

Ref. [72] IrO2 (JM) 3.1 5

Ref. [62] IrO2/TiO2 (Umicore) 31 11.6

lower surface area catalyst. Table 5.1 shows the optimum ionomer loading in the

literature for different catalysts as well as the catalyst BET surface area. The ta-

ble seems to support both hypotheses. Understanding the relationship between the

catalyst conductivity and surface area, and the optimum ionomer loading could be a

future work. The hypothesis could be validated by obtaining the ionomer loading for

IrOx and Ir catalysts with different surface area.

In the third chapter, the protonic conductivity was measured to be higher than

the electronic conductivity of the IrOx CL. The implication of this is that the OER

would be more active near the CL-PTL interface, therefore, allowing for a reduction

of the catalyst loading. This was demonstrated by Taie et al. [99], where a loading

of 0.01 mg/cm2 was used to achieve a 250x mass activity over commercial PEMWE
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cell. Similarly, the electronic conductivity of the Ir CL is measured to be higher than

the protonic conductivity and its implication is that the OER will be more active

near the CL-membrane interface as shown in the fourth chapter, where evolution of

oxygen bubble created volcano shaped figures. Two commonly used catalysts, Ir and

IrOx, in the PEMWE cell are likely to show OER activity at different sides of the

CL, rendering part of the CL inactive. It is hypothesized that by mixing these two

catalysts, a better balance between the protonic and electronic conductivity can be

achieved, and the OER can be made more uniform within the CL, thereby maximiz-

ing the catalyst utilization. Hence, controlling the CL conductivity by changing the

mixing ratio could be a second future objective.

As hypothesized above, a part of the Ir or IrOx CL would be inactive, allow-

ing for a reduction of the catalyst loading [99]. However, activation losses would

be higher. Grigoriev and Kalinnikov [85] numerically predicted the dependency of

activation and ohmic losses with anode and cathode catalyst loading. They showed

that increasing the catalyst loading decreases activation losses. However, the ohmic

losses increase and starts to dominate over the activation losses as catalyst loading

is further increased. Therefore, numerical results suggest that an optimum catalyst

loading exists such that the combined activation and ohmic losses is minimized. This

prediction, however, has not been verified experimentally. Most of the catalyst load-

ing studies did not study how activation and ohmic losses varied with catalyst loading

except for the numerically predicted results by Grigoriev and Kalinnikov [85]. The

optimized catalyst loading is either lower than 0.5 mg/cm2 or higher than 2 mg/cm2

[69, 72, 74, 84, 125]. A different CCM fabrication technique used in these studies

resulted in a different optimized catalyst loadings. It might be possible that the opti-

mum catalyst loading for inkjet printed CCM is different from the other conventional

CCM fabrication methods. Hence, third future objective could be to understand the

relationship between activation and ohmic losses with catalyst loading and to find

the optimum catalyst loading for inkjet printed CCMs.
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PEM electrolyser prototype. International Journal of Hydrogen Energy 2011,
36, 7807–7815.
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[36] Corona-Guinto, J. L.; no Garćıa, L. C.; Mart́ınez-Casillas, D. C.; Sandoval-
Pineda, J. M.; Tamayo-Meza, P.; Silva-Casarin, R.; González-Huerta, R. G.
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Appendix A

Electrode characterization

A.1 Porosity and volume fractions of IrOx layer

The porosity was calculated based on the IrOx layer thickness (tCL) and compo-

sition using

porosity =
Vtot − Vs

Vtot

(A.1)

where Vtot is the total IrOx layer volume (= 5 cm2× tCL) and Vs is the solid (IrOx+ionomer)

volume of the IrOx layer, which is obtained from

Vs =
ms (1−WN)

ρIrOx

+
ms WN

ρN
(A.2)

where ms is the mass of the electrode, i.e., iridium oxide and Nafion, WN is the

ionomer loading, and the densities used for IrOx (ρIrOx) and Nafion (ρN) are 11.66

and 2 g/cm3, respectively.

The volume fraction of each component of the IrOx layer was calculated using

V olumefraction =
Vi

Vtot

(A.3)

where Vi is the volume of the each component in the IrOx layer where i stands for

IrOx, and ionomer.
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Table A.1 – Fitted parameters of the percolation model to the protonic conductivity.

σH+

bulk [S/cm] ϵNth
γ

Estimated value 0.0407 0.077 3.18

Lower bound 1×10−6 0 0

Upper bound 5 0.1 10

A.2 Fitting of the conductivity data

To fit the protonic conductivity data to the percolation model, the ionomer bulk

conductivity in the CL, σbulk
H+ , the threshold ionomer volume fraction, ϵNth

, and the

exponential factor, γ, were estimated using the lsqcurvefit function in MATLAB.

The ionomer volume fraction was taken as a function of the RH and the expansion

of the ionomer is assumed to be the same as a Nafion membrane and was taken from

Ref. 169. The Nafion volume fraction, ϵN , is given by (Eq. A.4).

ϵN(RH) = ϵN,dry

(︂
1 + 2.536× 10−3 × e(3.44×10−2×RH)

)︂
(A.4)

where ϵN,dry is the dry ionomer volume fraction and RH is the relative humidity in

%.

The estimated σbulk
H+ , ϵNth

, and γ are presented in Table A.1 along with the bounds

used for the fitting. The wide range of bounds were chosen to allow as much variability

as possible, except for the upper ionomer volume fraction threshold which was chosen

to be slightly lower than the lowest ionomer volume fraction of the IrOx layer used

for fitting in this study as loss of a percolating network was observed.

A.3 Validation of four-point collinear probe method

The in-plane (IP) electronic conductivity of IrOx layers was measured using four-

point collinear probe (4PP) method. The probe did puncture the CL as shown in

Figure A.1 which is not ideal when measuring the in-plane electronic conductivity.

Therefore, to validate the 4PP method, the IP electronic conductivity of different

types of GDLs were determined using the 4PP method. The obtained conductivities
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Figure A.1 – Puncture of the CL with 15 wt % ionomer loading by four-point probes.

Table A.2 – The electronic conductivity of various GDL samples using four-point

collinear probe method.

GDL Average in-plane conductivity [S/m]

Morris and Gostick [234] Reported [234] This work (average of 5 points)

Toray inc. TGP-H-090 14376 ± 156 17860 17119 ± 1839 (11%)

Freudenberg H2315-T30A 6322 ± 32 6360 5718 ± 629 (11%)

SGL-10AA 3789 ± 80 4000 [235] 3476 ± 354 (10%)

are presented in Table A.2 along with literature data. The average IP electronic con-

ductivity results are in excellent agreement with literature data.

Next, the electronic conductivity of the carbon and ionomer layers were measured

using the 4PP method. The averaged obtained IP electronic conductivity are shown

in Table A.3 along with the electronic conductivities of various CLs from literature.

The IP electronic conductivity in literature spreads over wide range between 0.07 to

3.9 S/cm and the measured conductivity in this work lies within this range.
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Table A.3 – The electronic conductivity of the carbon and ionomer layer and Pt/C
catalyst layer.

CL Average in-plane conductivity [S/cm]
This work Literature

Vulcan XC-72 IL 1.864 ± 0.359 0.07-3 [179]
Ketjen black IL 2.326 ± 0.292

CCM from Mecedes-Bennz Fuel Cell div. 2.1 [217]
MEA from PRIMEA series 58 by W.L. Gore & Associates, Inc. 3.2 ± 0.2 [236]

CCM (20 %wt. Pt/CE−tek) 0.25-2.25 [180]
CCM (20 %wt. Pt/CV ul.XC−72) 0.9-3.9 [177], 1.3 [237]

Pt/C CL 0.1-1.1 [178]
Denkablack (Denki Kagaku Kogyo) IL 0.28 [238]

A.4 Reactive pathway through IL

Figure A.2 shows the two potential pathways for protons to transverse the IL. In

the ohmic pathway, protons generated in the anode catalyst layer (ACL) simply cross

the IL in accordance with Ohm’s Law. A corresponding Ohmic resistance across the

IL can be obtained, and used to find the conductivity of the layer. In the reactive

pathway, protons reaching the IL near the ACL side undergo the hydrogen evolution

reaction. The evolved hydrogen then crosses the IL, and is oxidised at other side of

the IL near the CCL. The produced protons continue across the membrane to the

CCL, while the electrons travel back to the ACL side of the IL to take part in the

evolution reaction. For a highly conductive support and highly active catalyst, such

as the Pt—C catalyst layers used in PEMFCs, the reactive pathway could dominate

the Ohmic pathway during the hydrogen pump experiment and in effect disguise

the protonic resistance of the IL. While Iden et al. [169, 170] could remove the

catalyst from their IL and still obtain conductivities that would be representative

of a PEMFC CL, this is not possible for the unsupported catalysts that are used in

PEMWE. Therefore, numerical modelling is used to investigate whether the reactive

pathway is active in this work.

153



Figure A.2 – Left: Ohmic pathway for protons through the IL. Right: reactive pathway

via the hydrogen reactions.

A.5 Model description

The hydrogen pump model developed was based on the PEMFC model published

by Secanell et al. [219], however as the current densities simulated are small and the

diffusion coefficient of hydrogen is large, mass transport effects are not considered

and the transport of the gaseous species was not solved for. Further, since the model

is used for a hydrogen pump instead of a fuel cell, both cathode and anode are fed

with humidified hydrogen, and the hydrogen reduction and oxidation reactions are

considered using a Butler-Volmer model with the kinetic parameters as shown in

Table A.4. The governing equation used are:

∇ · (σeff
m ∇ϕm) = Sm (A.5)

∇ · (σeff
s ∇ϕs) = Ss (A.6)

∇
(︃
nd

σeff
m

F
∇ϕm +

ρdry
EW

Deff
λ ∇λ

)︃
= −Sλ (A.7)

where the source terms, Si, are the same as those used in Ref. 219. The solution vari-

ables are the potentials of the solid and ionomer phase, ϕm and ϕs, and the ionomer

water content, λ. The computational domain simulated is shown in Figure A.3.

The model parameters used in this work are given in Table A.4. The parameters

shown are limited to those that have the biggest impact on the performance, namely
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Figure A.3 – Cell configuration showing the pseudo-catalyst layer. The simulation

domain is shown in the dashed red box.
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Figure A.4 – Polarization curve for the hydrogen pump test on the electrolyzer cell.

those related to the electron and proton transport in the intermediate layer, mem-

branes, and the anode and cathode CL, and those related to kinetics. The kinetic

parameters for the intermediate layer were determined by performing a hydrogen

pump test using chronopotentiometry on an electrolyzer cell in order to obtain a po-

larization curve. One electrode was comprised of a Pt/C and the other was IrOx.

The operating conditions were 100% RH, 1 atm and 80 ℃. The performance, shown

in Figure A.4, was significantly worse than that shown in Figure ??b, despite the

absence of the second membrane and the intermediate layer, indicating that hydro-

gen reaction is severely limited on the IrOx catalyst. The Butler-Volmer equation

was fit to the entire data range, as the overpotential from the cell resistance was

negligible under these current densities. The anodic and cathodic transfer coefficients

and the exchange current density were from fitting using LibreOffices DEPS fitting

software. The electrochemical surface area was obtained from a voltammogram using

the methodology from Tan et al. [96], while the hydrogen concentration is determined

based on the partial pressure of 80% RH hydrogen gas dissolving into a infinitely thin

ionomer film, according to Henry’s Law.
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Table A.4 – Model parameters used in the simulations. All parameters were measured
in this work, unless otherwise stated.

Parameter Value
Membrane thickness 25 µm
Membrane conductivity 0.106 S/cm
IL thickness 4 µm
IL electronic conductivity 4.5x10−5 S/cm
IL protonic conductivity 4.2x10−3 S/cm
IL exchange current density 2.51x10−6 A/cm2

Pt

IL active area 1.8x106 cm2/cm3

IL cathodic transfer coefficient 0.965
IL anodic transfer coefficient 1.15
IL Equilibrium potential 0.00025 V
IL Reference hydrogen concentration 8.06x10−7 mol/cm3

ACL/CCL thickness 4.3 µm
ACL/CCL kinetic parameters Elbert et al. [220]
ACL/CCL active area 1.26x105 cm2/cm3

ACL/CCL protonic conductivity 8.04x10−3 S/cm
Temperature 80 ℃
Anode/Cathode pressure 1 atm
Relative humidity 80 %

A.6 Electrochemical impedance spectroscopy (EIS)

Galvanostatic EIS measurements were performed on an electrolyzer cell, with

an IrOx catalyst with 35 wt % ionomer content. Figure A.5 shows the obtained

impedance spectra of the electrolyzer cell. The measured HFR is 50.362 mΩ·cm2.
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Appendix B

Improving PEMWE performance

by using carbon as pore former

B.1 Ir CL

B.1.1 Catalyst layer porosity

The porosity of the catalyst layer (CL), ϵ, was calculated based on the CL thickness

(tCL) and the catalyst ink composition using

ϵ =
Vtot − Vs

Vtot

(B.1)

where Vtot is the total CL volume (i.e., 5 cm2× tCL) and Vs is the total solid volume

of the CL, which is computed using,

Vs =
ms (1− wN − wC)

ρcat
+

ms wN

ρN
+

ms wC

ρC
(B.2)

where ms is the mass of the electrode, wN is the ionomer loading, wC is the carbon

loading, and the densities used for catalyst (ρcat) are 22.65 g/cm3 for Ir, 11.66 g/cm3

for IrOx, and for carbon (ρC) and Nafion (ρN) are 2.2 and 2 g/cm3, respectively.

It is expected that carbon will quickly corrode at high potentials, therefore, the

porosity is also estimated without carbon by computing the solid volume without

carbon as,

Vs =
ms (1− wN)

ρcat
+

ms wN

ρN
(B.3)
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Table B.1 – Iridium catalyst layer thickness before and after normalizing with catalyst

loading and porosity.

CL thickness Porosity [%]

[µm] [µm/(mg/cm2)] w/ carbon w/o carbon

New | Used New | Used New | Used New | Used
CCM-C0-Ir 3.13±0.37 | 2.69±0.33 3.17±0.37 | 2.73±0.33 58±4.7 | 51±5.4 58±4.7 | 51±5.4

CCM-C0.1-Ir 4.86±0.60 | 4.37±0.81 4.88±0.60 | 4.39±0.81 68±4.4 | 65±6.8 71±4.4 | 68±6.8

CCM-C0.2-Ir 6.26±0.77 | 4.91±1.12 6.01±0.77 | 4.72±1.12 72±4.3 | 63±8.9 77±4.3 | 70±8.9

Table B.1 shows the measured normalized CL thickness of new and post operation

CLs.

B.1.2 Dynamic light scattering (DLS)

To understand the interaction between the Ir catalyst particle/carbon with ionomer,

DLS tests were conducted on the prepared inks to find a correlation between particle

size and the CL thickness. A Litesizer 500 by Anton Paar was used for conducting the

DLS experiments. The inbuilt Kalliope software was used to input parameters, such

as viscosity and refractive index of solvents, and to record the data. Approximately

1 mL of catalyst ink was placed within a quartz cuvette and inserted in the Litesizer,

and a temperature of 32 ◦C was maintained. The particle size was analyzed at an

angle of 175◦. Five consecutive tests were conducted on successive days.

Figure B.1a shows the variation of particle hydrodynamic diameter with successive

tests. The variation in diameter between dais is within the standard deviation of the

samples. Figure B.1b shows the variation of particle diameter with carbon content.

DLS results to not show a strong correlation between particle diameter and carbon

content.

B.1.3 Cyclic voltammetry

Figure B.2 shows the voltammograms obtained for three CCMs each with Ir cat-

alyst and without carbon, and with carbon to total volume fraction of 0.2 before and

after the polarization curve. The voltammograms showed a good repeatability.
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Figure B.1 – Particle diameter of the fresh inks with successive tests (a). Variation

of particle diameter of the fresh with carbon content (b).
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Figure B.2 – Repeatability of the voltammograms after the polarization curve (a)

CCM-C0, (b) CCM-C0.2.
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B.1.3.1 Measurement of electrochemical surface area

In order to calculate the ECSA after the polarization curve, an alternative method

was used. Tan et al. [96] showed that for Ir catalyst, during cycling there was a de-

crease in the hydrogen underpotentially deposited (HUPD) charge in the CV profiles

that coincides with a corresponding increase in anodic charge between 0.4 and 1.25 V,

which is also shown later in this section. Therefore, to obtain an accurate ECSA both

integral charges needed to be analyzed to obtain the total ECSA. The ECSA after the

polarization curve, ECSAAfter iV, accounted for the HUPD change and the difference

in the anodic charge between 0.4 and 1.25 V before and after the polarization curve.

Equation (B.4) was used to calculate the ECSA after the polarization curve.

ECSAAfter iV = ECSAAfter iV
HUPD +

(︁
QAfter iV

deprotonation −QInitial
deprotonation

)︁
qdeprotonation

(B.4)

where QInitial
deprotonation is the anodic charge of the CV profiles in the potential range of

0.4 to 1.25 V after conditioning as shown by the orange shaded region in Figure B.3a,

QAfter iV
deprotonation is the anodic charge of the CV profiles in the potential range of 0.4 to

1.25 V after the polarization curve as shown by the orange shaded region in Fig-

ure B.3b, and qdeprotonation is the charge constant associated with the anodic processes

between 0.4 and 1.25 V, estimated to be 440 ± 14 µC/cm2
ECSA [96].

The calculated ECSA after conditioning the cell and after the polarization curve

are shown in Table B.2, where it can be observed that the initial ECSA (ECSAInitial)

and the ECSA after the polarization curve (ECSAAfter iV) are similar in value, veri-

fying the methodology developed by Tan et al. [96] can also be utilized for an MEA.

The ECSA after the polarization was similar to the initial, indicating that all the

carbon was likely oxidized during conditioning.

To test the impact of increased potential cycling and the applicability of using

Equation (B.4) to find the ECSA, a CCM with Ir in the anode and a 5 wt.% ionomer

loading and without carbon was cycled between 0.005-1.53 V 240 times at a scanrate

of 500 mV/s. Figure B.4a shows the evolution of the voltammograms. Under these

conditions, the Hupd peak was completely removed, with a corresponding increase in

the anodic charge in the potential range of 0.4 to 1.25 V, as observed in ref. [96],

indicating the metallic Ir is oxidizing slowly. The ECSA of the cycled CCM was
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Figure B.3 – Voltammograms of CCMs with varying carbon content. Voltammo-

grams after conditioning of the cells (a), and after the polarization curve

(b) (The voltammograms of CCM-C0 and CCM-C0.2 are the average of

three voltammograms with an average standard deviation of 2.4 mA).

Table B.2 – Electrochemical surface area (m2/g) before and after the polarization

curve.

CCM name ECSAInitial ECSAAfter iV
Hupd ∆ECSAAfter iV

Deprotonation ECSAAfter iV

CCM-C0-Um 21.5 ± 1.2 14.2 ± 1.1 8.1 ± 0.2 22.4 ± 1.3

CCM-C0.1-Um 25.0 14.4 10.0 24.4

CCM-C0.2-Um 26.9 ± 0.2 16.5 ± 0.4 11.1 ± 0.8 27.5 ± 0.8
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Figure B.4 – Evolution of voltammograms (a), and the electrochemical surface area

with cycle (b).

calculated using the integral charges of underpotentially deposited hydrogen of the

CV profiles in the potential range of 0 to 0.5 V (ECSAHUPD) and total anodic charges

of the CV profiles in the potential range of 0.4 to 1.25 V (ECSADeprotonation) over the

240 potential cycles, as shown in Figure B.4b. The ECSAHUPD diminished from 21

to ∼0 m2/g, while the ECSADeprotonation increased from 21 to 42 m2/g. This result is

in agreement with that observed by Tan et al. [96], whereby the ECSA ‘lost’ in the

HUPD region is replaced by that in the anodic charge in the potential range of 0.4 to

1.25 V and confirms the applicability of using Equation (B.4) to calculate the ECSA

of a partially oxidized CL.

B.2 IrOx CL

The anode catalyst inks were prepared by mixing 179 mg of IrOx (ELC-0110,

Tanaka Kikinzoku International (TKK)) and the carbon (Vulcan XC-72, 590106,

Fuel Cell Store) with a mixture of isopropanol (IPA) (CAS: 67-63-0), propylene glycol

(PG) (CAS: 57-55-6, Sigma-Aldrich), and Nafion solution (Liquion solution LQ-1105

1100EW 5 wt.%, Ion Power) following the process discussed in Chapter 2. The carbon

content in the anode catalyst ink was varied, such that the carbon to IrOx volume
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Table B.3 – Composition of IrOx catalyst layers and MEA configuration.

CCM Cells C to IrOx Cat. load. Naf. load. MEA configuration

tested vol. frac. [mg/cm2] [wt.%]

IrOx | Pt An | Cath PTL | ACL | PEM | CCL | GDL

CCM-C0-IrOx 2 0 0.99 | 0.12 35 | 30 Sin. Ti | IrOx | N211 | Pt/C | 28BC
CCM-C0p1-IrOx-1 1 0.1 0.81 | 0.11 35 | 30 Sin. Ti | IrOx | N211 | Pt/C | 28BC
CCM-C0p1-IrOx-2 1 0.1 0.99 | 0.1 35 | 30 Sin. Ti | IrOx | N211 | Pt/C | 28BC
CCM-C0p25-IrOx 1 0.25 0.80 | 0.1 35 | 30 Sin. Ti | IrOx | N211 | Pt/C | 28BC
CCM-C0p53-IrOx 0 0.53 0.69 | 0.1 35 | 30 –

fraction varied between 0 and 0.53. The ratio of IPA and PG in the ink was varied

to maintain a constant solid volume fraction in the final ink. Ionomer was added to

the inks to achieve a loading of 35 wt.%. The carbon content was varied due to the

different densities of the catalyst and the different ionomer loading in the anode CL.

The ink was deposited in an NRE211 membrane with the same cathode as the Ir

cells and sandwiched between a Ti sinter and a SGL 28BC GDL. Details of the cell

configuration are provided in Table B.3.

B.2.1 SEM characterization

Figures B.5 and B.6 show SEM images of the new and post operation IrOx CL

cross-section. The measured CL thicknesses are presented in Table ??. The normal-

ized thickness of IrOx CLs increased with an increase in the carbon content. The

porosity of the CLs increased with an increase in the carbon content. The porosity of

the new IrOx CLs is lower than the Ir CLs despite having a higher CL thickness due

to a higher ionomer content of IrOx CLs than Ir CLs. The higher ionomer content

occupied the pore volumes of the CL, making it less porous.

Figure B.7 shows a comparison of the cross-sectional SEM images of Ir and IrOx

CLs after operation. It can be observed that the IrOx CL was deformed from the

compression due to the use of sintered Ti PTL. But, hardly any deformation can be
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(a) New CCM-C0-IrOx (b) New CCM-C0.1-IrOx

(c) New CCM-C0.25-IrOx (d) New CCM-C0.53-IrOx

Figure B.5 – Cross-section SEM images of new catalyst layers with IrOx catalyst.
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(a) (b)

Figure B.6 – Cross-section SEM images of used CCM-C0-IrOx (a), and CCM-C0.25-

IrOx (b).

observed in the Ir CL where Pt coated Ti felt was used. The different membrane

thickness might have contributed to the differences.

The measured thickness of the IrOx CLs is shown in Table B.4. The normalized

thickness of CLs increased with an increase in the carbon content. The normalized

thickness of IrOx CL is higher than the Ir CLs for a given carbon content. This

might be due to either the higher ionomer loading in the IrOx CL or the Ir particle

morphology, which is not particulate like IrOx, but a flake-like [96]. The porosity of

the IrOx CLs increased with an increase in the carbon content. For the post-operation

cells (used), the SEM images of the CL under the channel, rather than the land, were

used to measure the thickness of the used TKK CLs.

Figure B.8 shows the SEM images of new IrOx CL surface. Many cracks were seen

in the new IrOx CLs without carbon (Figure B.8b). The number of cracks decreased

with increasing carbon content (Figure B.8f). Due to the cracks, the porosity of the

CL without the carbon might be even lower.

Figure B.9 shows the surface SEM images of the post operation IrOx CLs. Two

significant regions can be observed; i) a relatively smooth surface area under the

channel, and ii) a relatively uneven surface area under the land. A lot of catalysts is

lost in areas under the land of the CL with carbon to IrOx volume ratio of 0.25. This

might be due to: i) a higher content of carbon in the CL which, when corroded, led
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(a) Used CCM-C0-Um (b) Used CCM-C0-TKK

Figure B.7 – Comparison of the cross-sectional SEM image of used Umicore CL vs

used TKK Cl.

Table B.4 – IrOx catalyst layer thickness before and after normalizing with catalyst

loading and porosity..

CL thickness Porosity [%]

[µm] [µm/(mg/cm2)] w/ carbon w/o carbon

New | Used New | Used New | Used New | Used
CCM-C0-IrOx 4.58±0.59 | 4.38±0.65 4.64±0.59 | 4.44±0.65 23±11 | 20±15 23±11 | 20±15

CCM-C0.1-IrOx-1 4.06±0.50 | 3.7±0.34 5.06±0.50 | 4.62±0.34 27±9.5 | 20±9.3 29±9.5 | 20±9.3

CCM-C0.25-IrOx 5.23±1.01 | 4.61±0.45 6.58±1.01 | 5.78±0.45 41±10 | 33±6.3 44±10 | 37±6.3

CCM-C0.53-IrOx 6.43±0.87 | – 9.46±0.87 | – 46±7.5 | – 52±7.5 | –
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(a) (b)

(c) (d)

(e) (f)

Figure B.8 – SEM surface images of CCM-C0-TKK (a) and (b), CCM-C0.1-TKK (c)

and (d), and CCM-C0.25-TKK (e) and (f).
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to dislodgement of catalyst particles, ii) the removal of the PTL from the CCM for

imaging purpose which peeled some portion of the CL. Since the CL was not peeled

off the PEM for low carbon content, the latter shows that there might be an upper

carbon content above which the structural integrity of the CL is reduced. The star

patterned cracks observed in the Ir CL without carbon were not formed in the IrOx

CL, despite having a lower CL porosity than the Ir CL. This might be due to the

protonic conductivity of the IrOx CL being higher than the electronic (see Chapter 3),

resulting in the OER being more active at the CL–PTL interface and hence there is

no need for the oxygen gas bubble to travel through the CL. Therefore, star patterned

cracks were not formed in the IrOx CL even with the lower porosity than the Ir CL

without carbon.

B.2.2 Measurement of electrochemical surface area

Figure B.10 shows the voltammograms obtained for two cells with the IrOx cata-

lyst and without carbon for repeatability, and a comparison of voltammograms with

varying carbon. The voltammograms of cells with the IrOx catalyst and without

carbon showed a good repeatability.

The ECSA of IrOx CLs were calculated using Equation B.4, where the HUPD area

was considered negligible. The ECSA increased and then decreased with an increase

in the carbon content. This indicates that there is an optimum carbon to catalyst

volume ratio for which the ECSA is maximized. The initial increase is expected due

to the increase in the CL porosity, leading to an exposure of a higher surface area.

However, the subsequent decrease in the ECSA is not expected and may have been

caused by detachment of the catalyst particles from the CL during the corrosion of

the carbon. This is reflected in the surface SEM images of the post operation IrOx

CL with carbon to IrOx volume ratio of 0.25.

B.2.3 Polarization curve

Two cells with IrOx without and with 10%vol. carbon were tested to assess re-

peatability. Figures B.11a and B.11b show the cells had good reproducibility, with

an average standard deviation of 10 mV. The difference in the cell repeatable perfor-
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(e) (f)

Figure B.9 – Comparison of the surface SEM images of the used CCM-C0-TKK (a)

and (b), CCM-C0.1-TKK (c) and (d), and CCM-C0.25-TKK (e) and (f).
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Figure B.10 – Repeatability of the voltammograms of CCM-C0-IrOx (a), Voltammo-

grams of CCMs with varying carbon content (b) (The voltammogram of

CCM-C0-IrOx in (b) is the average of two voltammograms).

Table B.5 – Electrochemical surface area of IrOx catalyst layers.

CCM name ECSA (m2/g)

CCM-C0-IrOx 28 ± 2

CCM-C0.1-IrOx-1 50

CCM-C0.25-IrOx 30
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mance is due to differences in the activation region of the polarization curve. This

might be due to the use of used sintered Ti PTL after sonicating it in IPA.

Figure B.11c shows the comparison of polarization curves with varying carbon

content. In the activation region, the performance of the cell with carbon to IrOx

volume fraction of 0.1 (CCM-C0.1) is better than the cell without the carbon (CCM-

C0) and cell with carbon to IrOx volume fraction of 0.25 (CCM-C0.25), which follows

the trend of the ECSA. In the Ohmic region, the slopes of the polarization curve

increased with an increase in the carbon content. This trend follows that of the CL

thickness with increasing carbon content, and is likely caused by the resistance of

the anode CL, as is discussed in Section B.2.4. As the electronic conductivity is two

orders of magnitude lower than the protonic conductivity of the IrOx CL with 35 wt.%

ionomer loading, the OER is more active near the anode CL–PTL interface, resulting

in protons having to travel across the entire CL thickness. Hence, the thicker the CL,

the higher the resistance, therefore the performance of the cell without the carbon

(CCM-C0) is better than the other two cells at higher current densities. As such, the

use of a pore former with a CL that is electron transport limited might not be suitable

when the cell is operated at a higher current density, as the increased thickness will

induce additional Ohmic losses, negating any improvement from the improved ECSA

and mass transport. This can be avoided if a thinner CL with high CL porosity is

used. Hence, care should be taken when using the pore former with IrOx catalyst, as

there will be a trade-off between the Ohmic and kinetic losses.

B.2.4 Electrochemical impedance spectroscopy (EIS)

Figures B.12 shows the Nyquist plots obtained from EIS tests. The fitted pa-

rameters are given in Table B.6. The HFR increased with an increase in the carbon

content, which might be due to a higher CL thickness with increasing carbon content.

The HFR includes the CL resistance of the more conductive phase [225]. In the case

of CL with 35 wt.% ionomer loading, protonic and electronic conductivities are low,

thereby being a significant contributor to HFR. Furthermore, based on our previous

results, protonic conductivity is higher, therefore proton transport resistance of the

CL is included in the HFR. The thicker the CL, the higher the CL resistance and, as
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Figure B.11 – Repeatability of the polarization curves CCM-C0-IrOx (a), and CCM-

C0.1-IrOx (b). Comparison of polarization curves of cells with varying

carbon content (c).
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Figure B.12 – Nyquist plot of cells with TKK IrOx catalyst.

a result, the HFR, despite contact resistance improvements.

The obtained total charge transfer resistance decreased initially and then increased

with an increase in the carbon content, in line with the obtained ECSA.

175



Table B.6 – Parameters of the equivalent circuit fitted to the impedance spectra of

CCMs with IrOx catalyst.

CCM name J HFR Rct1 Qdl1 n1 Rct2 Qdl2 n2

[A/cm2] [mΩ·cm2] [mΩ·cm2] [sn/(Ω·cm2)] [mΩ·cm2] [sn/(Ω·cm2)]

CCM-C0-IrOx 0.02 50.6 379.6 0.075 0.69 708.5 0.087 0.91

CCM-C0.1-IrOx 0.02 50.2 114.4 0.12 0.64 760.5 0.162 0.90

CCM-C0.25-IrOx 0.02 60.6 277.3 0.065 0.72 680.3 0.098 0.95

CCM-C0-IrOx 0.1 51.4 76.2 0.082 0.76 223.4 0.052 0.80

CCM-C0.1-IrOx 0.1 50.8 98.6 0.122 0.67 135.8 0.202 0.88

CCM-C0.25-IrOx 0.1 60.2 112.4 0.087 0.73 174.1 0.092 0.81

CCM-C0-IrOx 1 52.0 9.8 0.127 0.99 40.7 0.073 0.75

CCM-C0.1-IrOx 1 52.6 19 0.043 0.83 29.5 0.234 0.74

CCM-C0.25-IrOx 1 60.4 1.7 0.020 1.00 49.8 0.091 0.71

CCM-C0-IrOx 2 51.9 5.9×10−4 0.109 1.00 25.4 0.048 0.77

CCM-C0.1-IrOx 2 52.2 6.1×10−5 0.019 0.99 30.4 0.242 0.62

CCM-C0.25-IrOx 2 59.9 1.5×10−4 0.014 1.00 28.1 0.192 0.64
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