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Abstract

Through electrochemical and physical characterization, the structure and morphology of
fuel cell catalyst layers and concomitant system properties were investigated, specifically
the effects of 1) controlling the ratio of high-boiling solvent in catalyst ink; 2) controlling the
conditions of catalyst ink deposition; and 3) altering both interfacial interactions of catalyst

layers through an alternative MEA construction methodology.

Catalyst layers designed for proton-exchange membrane fuel cells (PEMFCs)
incorporated a hydrocarbon ionomer (sP4c) soluble in low-boiling solvents. These were
used to probe the property alterations effected by increasing ionomer coverage within the
catalyst layer, and also to measure the impact an extremely small quantities (0.38 wt%)
of a commonly employed high-boiling solvent, DMF, in the catalyst ink. High-boiling
solvents are difficult to eliminate during electrode formation, and resultant solvent-
annealed catalyst layers lost electrocatalytic surface area, resulting in markedly greater
kinetic losses compared to catalyst layers formed without high-boiling solvents.

Catalyst layers designed for anion-exchange membrane fuel cells (AEMFCs)
incorporating hydrocarbon ionomer in the catalyst layer (FAA-3) requiring high-boiling
solvent (NMP, 2.3 wt% of total solvent) were formed over a broad array of conditions.
Catalyst layers formed slowly at high temperatures to drive off high-boiling solvent
displayed significantly enhanced mesoporosity, relating to enhanced transport
characteristics, over solvent-annealed analogues with low mesoporosity, despite
comparable total volumes. The impacts of solvent annealing on AEMFC electrode
properties and resultant achievable power density and degradation were disproportionate

compared to the similar PEMFC study.

A new methodology for fuel cell membrane-electrode assembly construction, direct
membrane deposition (DMD), enabled lower interfacial resistances and enhanced water
transport, desired properties for hydrogen fuel cells. Initially developed with inkjet printers,
this adaptation to spray-coating systems addressed major scalability and reproducibility
issues that caused fuel and electrical crossover. A perfluorinated sulfonic acid ionomer
reference material (Nafion D520) was employed for direct comparison and highly

reproducible DMDs with low fuel and electrical crossover resulted.

Keywords: PEMFC; AEMFC; DMD; catalyst layer; ionomer; fuel cell
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Polarization

Low-frequency resistance

Linear-sweep voltammetry

Mass Activity (W/mg Pt = kW/g Pt)
Membrane-electrode assembly

Microporous layer

The archetypal PFSA used in fuel cells, produced by DuPont

Nafion dispersion, 5 wt% in mixed alcohol

Nafion 211 membrane, a 25 pm (1 mil) film
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N212

N117

ocv

OER

ORR

PEM

PFSA

PFSI

Pmax

Pt/C

PTFE

Rcr

Rwmt

RH

SA

SANS

SAXS

Nafion 212 membrane, a 50 um (2 mil) film

Nafion 117 membrane, a 175 pm (7 mil) film

Open circuit voltage; occasionally open circuit potential, OCP
Oxygen emission reaction

Oxygen reduction reaction

Proton-exchange membrane, a cation-exchange membrane designed for
proton conductivity; the alternative ‘polymer electrolyte membrane’ is

insufficiently nuanced, encompassing anion-exchange membranes

Perfluorinated sulfonic acid, the class of polymeric, strongly acidic proton-
exchange membranes and ionomers that form the present standard in

proton-exchange membrane fuel cells

Pefluorinated sulfonic acid ionomer, specific to a PFSA employed as
ionomer in the catalyst layer

Maximum power density

Platinum nanoparticles on a carbon support, the standard electrocatalyst

for fuel cells
Polytetrafluoroethylene
Charge transfer resistance
Mass transport resistance

Relative humidity, % of water vapour out of maximum water vapour at a

given temperature
Surface area
Small-angle neutron scattering

Small-angle X-ray scattering

XVii



SEM Scanning electron microscopy

slpm Standard litres per minute, gas flow volume-corrected to STP conditions
STP Standard temperature and pressure (273.15 K, 1 atm)

TEM Transmission electron microscopy

WAXS Wide-angle X-ray scattering

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy

wit% Weight percent
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Preface

Fuel cell catalyst layers are a complex topic, having been the subject of ever-
expanding study for several decades. The commonly found, industrial-standard fuel cell
catalyst layers are comprised of a supported electrocatalyst and ionomer in the catalyst
layer, an active ‘electrode binder.’ The electrocatalyst and electrocatalyst support are large
fields of study in their own right. This thesis will focus on ionomer in the catalyst layer,
specifically the long-desired transition from perfluorinated ionomer catalyst layers high-
performing, long-lived hydrocarbon ionomer systems and the effects of interfacial tuning

that may be especially relevant to the adoption of hydrocarbon systems.

To be able to properly contextualize the effects that the choice of ionomer, catalyst
ink, catalyst layer composition, and catalyst layer deposition effect in the operation of a
fuel cell requires several aspects of the system to be understood. The first and most
important is the structure-property relationships of the polymer both in bulk and as thin film
with respect to microstructure, charge carrier conductivity, and gas and liquid
permeabilities. The second is the microstructure of the resulting catalyst layer, heavily
dependent upon both ionomer choice, catalyst ink composition, method of catalyst
deposition, the method of membrane-electrode assembly preparation, and the method of
fuel cell construction. Several interfaces must also be considered, in particular those
between the catalyst layers and membrane, between the catalyst layers and microporous
layers. Even with the majority of choices fixed to those of a standard system optimized for
perfluorinated materials, the parameter space is incredibly large. Operational choices —
cell temperature, relative humidity, reactant gases, and gas pressures, only add to this
parameter space. As a result, elucidating fundamental properties about ionomer in the
catalyst layer, the object of this thesis, requires an understanding of this broader context,
comprising Chapter 1. Understanding and tuning catalyst layer microstructure through
catalyst ink composition in hydrocarbon systems in proton-exchange membrane fuel cells
comprises Chapter 2. Accomplishing the same understanding and tuning of catalyst layer
microstructure in anion-exchange membrane fuel cells through the lens of deposition
methodology is the object of Chapter 3. A new method of creating membrane-electrode

assemblies and the impact on both catalyst layer interfaces is the object of Chapter 4.
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Chapter 1. Introduction

1.1. Low Temperature Fuel Cells

Fossil fuels are afinite resource, and renewable electricity generation alone cannot
meet all the energy transformation needs presently served by fossil fuels, nor can
electrical grids meet the energy transmission requirements. Hydrogen provides a stable
basis for a renewable energy economy that can be scaled to meet global requirements.
Through electrolysis, hydrogen can be formed by established methods in quantity. Paired
to renewable sources of electricity, this production is entirely renewable,! and the only
single source of portable energy capable of addressing the non-electrical portion of the
‘Terawatt Challenge’ of up to 30 TWay4 for 100% renewable energy by 2050.2

While hydrogen can be burned in combustion engines, effectively taking the place
of natural gas, it may be employed far more efficiently in hydrogen fuel cells. Proton-
exchange and anion-exchange membrane fuel cells comprise low-temperature polymer
electrolyte fuel cells, and are the best renewable energy generation candidates for
applications where rapid start-up, instantaneous alterations in load, fast re-fueling, long-
range fuel storage, low capital cost, and/or operation in highly variable environments are
necessitated, e.g. consumer automobiles,® unmanned aircraft,® heavy transport,*
industrial machines, or small-scale electrical generation. As a result, substantial research
by electrochemists has been performed on low temperature fuel cells since their
development for the Gemini space programme of the 1960’s to develop clean power

generation suitable for mass adoption in both mobile and stationary applications.®

1.1.1. Categories of Fuel Cells

A fuel cell is an electrochemical device for the direct, continuous, high efficiency
conversion of chemical energy into electrical energy, with reaction overpotential being
converted into potentially useful heat, with combined heat and power system total
efficiencies reported to 90% and above.®® Fuel cells accomplish this conversion by
separating a redox process into two separate half-reactions that require the transport of
electrons through an external load, made possible by catalyzing the half-reactions in

conductive media connected to current collectors and employing an ion-conducting but



reactant-impermeable & electronically insulating material between the two active catalyst
layers.®1° The first fuel cell was created by Sir William R. Grove in 1838 using hydrogen,
oxygen, Pt electrodes, and sulfuric acid electrolyte. Significant theoretical contributions

were made by Christian Schonbein at that time and Friedrich W. Ostwald in 1893.1!

Alkaline fuel cells, AFCs, were used early in the Apollo space programme to
generate electricity, employing an alkaline liquid electrolyte; fouling of the catalyst layer
limited their utility.'? Phosphoric acid fuel cells (PAFCs) were similarly constructed using
an acidic liquid electrolyte, but the very high precious metal catalyst loadings required and
resultant high lifetime cost limited their economic viability, and while commercial these
form a small (~7%) and decreasing part of the present fuel cell market.3

Classes of fuel cells being developed today may be broadly classified as high-
temperature or low-temperature fuel cells. High-temperature fuel cells employ ceramics,
with molten carbonate fuel cells (MCFCs) using a porous polymer matrix with molten
carbonate electrolyte and solid oxide fuel cells (SOFCs) using a non-porous ceramic as
the electrolyte.** High-temperature fuel cells may directly employ reformate as fuel, or
even gaseous hydrocarbons, which crack to hydrogen gas under operational
temperatures, in excess of 650 °C. These are most suited to large stationary power
generation, where high efficiency and low CO sensitivity are prized, and where very slow
start-ups are tolerable. As above, low-temperature polymer electrolyte fuel cells are more
suited to mobile or smaller stationary power generation. The two broad classifications of
low-temperature polymer electrolyte fuel cells are acidic proton-exchange membrane fuel
cells (PEMFCs) and the recently developed alkaline anion-exchange fuel cells (hereafter
AEMFCs, also known as AMFCs, AAEMFCs, or hydroxide-exchange membrane fuel cells,
HEMFCs). The most common and promising application of these catalyzes the
hydrogen/oxygen redox couple, with the resultant fuel cells named PEMFCs and
AEMFCs. The first commercial fuel cell car, the Toyota MIRAI, is based on PEMFC
technology.'® Other types of low-temperature fuel cells also employ PEM and/or AEM
membranes but are named for the reductant, for instance direct methanol fuel cells
(DMFCs) or direct ethanol fuel cells (DEFCSs), by function in the case of microbial fuel cells
(MFCs) or biofuel cells (BFCs),'®8 or by the distinguishing feature with bipolar membrane
fuel cells, BPMFCs.?*2° Within low-temperature fuel cells based on soft materials,
comparatively higher-temperature systems are also being investigated. The most

common class of these adapt aspects of PAFCs into systems based on phosphoric acid



doped polybenzimidazole (PBI) membranes as high temperature proton-exchange
membrane fuel cells (HT-PEMFCs).%

1.1.2. Electrochemistry of Low-Temperature Fuel Cells

A research-scale PEMFC stack is illustrated in Figure 1.1. Humidified reactant
gases, typically hydrogen from a compressed tank and oxygen as external air, are fed
through patterned flow fields, gas-diffusion layers, microporous layers, and finally into the
electrodes (described further vide infra, section 1.3). These layers serve multiple
purposes, being conductive to help deliver electrons with low resistance, being porous to
equalize reactivity across the anode or cathode, and being hydrophobic to assist in
clearing the substantial volume of water produced by the operating fuel cell.?223
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Figure 1.1: Schematic of a research-scale proton-exchange membrane fuel cell
hardware with MEA in operation; from centre outwards, components
are membrane, catalyst layer, microporousl layer, gas-diffusion later,
flow field, current pickup, and heat-controlled fuel cell hardware;
reactions at the cathode and anode as shown in equations 1.1 and
1.2, respectively, for an overall reaction as in equation 1.5.

The operation of PEMFCs is governed by two half reactions, the oxygen reduction
reaction (ORR) and hydrogen oxidation reaction (HOR). For acidic media, reaction
equations are written in equations 1.1 & 1.2. All oxidation or reduction potentials hereafter

are reported relative to the standard hydrogen electrode (SHE).



O2@) + 4 Haq) + 4 € > 2 H2Oq) E = 41229V 1.1

o

2Hyg 2 4H@g t4 € E = +0.000V 1.2

A research-scale AEMFC is illustrated in Figure 1.2, and the reactions equations
for the ORR and HOR are provided in equations 1.3 & 1.4.
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Figure 1.2:  Schematic of a research-scale anion-exchange membrane fuel cell
hardware with MEA in operation; constituents as described in figure
1.1; reactions at the cathode and anode as shown in equations 1.3
and 1.4, respectively, for an overall reaction as in equation 1.5.



o

O2(g) + 2 H2O@g) + 4 € 2 4 OH (ag) E = +0.828V 1.3

o

2 Hyg+ 4 OH(aq) 2 4 H2O(y+ 4 € E = +0401V 1.4

Combining equations 1.1 and 1.2 or 1.3 and 1.4, the same overall cell reaction and
potential of +1.229 V, for the H./O, redox couple is obtained. The cell potential shown
below corresponds to STP conditions and liquid water as the product. If the reaction
product is water vapour, the cell potential at equilibrium is +1.18 V.

2 Hog) + O2g) 2 2 H20) EC = +1.229V 1.5

The Gibbs Free Energy in standard state, AG’, for this process is -474 kJ. AG may be

written for arbitrary conditions as

AG = AG  + RTIn(Q), 1.6

where R, 8.3145101 J-mol*-K™, is the ideal gas law constant, , T is temperature (K), and
Q is the reaction quotient.

AG is connected to the theoretical reversible cell potential by
AG = —nFE,, 1.7

where F is the Faraday constant, 96485 C-mol! and n is the number of electrons
transferred in the process; here, n=4 for the Pt-catalyzed reaction. Combining equations
1.6 and 1.7 results in the Nernst equation, equation 1.8, which describes theoretical

reversible cell potential for any conditions,

E, = E. + % In (M) 1.8
nF PH,0

where p,, and p,, represent the partial pressures of reactant gases and py,, represents

the partial pressure of water if produced in vapour form, or if the reaction product is liquid

water, the activity of water, ap,0= 1, must be used instead of the partial pressure. Notably,

the theoretical reversible cell potential drops to +1.18 V when water vapour is considered

the product instead of liquid water. The practical operational window of present-day low-



temperature fuel cells (0-120 °C, 0.209-3 atm O3, 1-3 atm Hy) results in less than a £0.01
V alteration to this theoretical cell potential (see Appendix A). Higher temperatures
significantly improve reaction kinetics and increase the conductivities of membrane and
ionomer in the catalyst layer (hereafter ‘ionomer’). In addition, higher temperatures
diminish the negative effects of CO poisoning of the catalyst layer in acidic media. Stability

at higher temperatures is accordingly a goal of both PEM and AEM development.*

Despite equivalent overall reactions (Eqn. 1.5), reactant ion flows occur in opposite
directions between acidic and alkaline cells. In acidic media, protons are transported from
anode to cathode, and water is a product at the cathode. The anode catalyst layer and
anode side of the membrane may dehydrate due to electroosmotic drag. In alkaline media,
water is a reactant at the cathode, hydroxide ions are transported cathode to anode, and
water is product at the anode. Dehydration occurs at the cathode from both electroosmotic
drag and use in the ORR. Water is produced at the anode, double the water at a given
current density. These significant differences in ion and water transport engender different

considerations for every component of the fuel cell and its characterization.?>-28

1.1.3. Membrane electrode assembly (MEAS)

A membrane electrode assembly (MEA) refers to the ion-conducting functional
polymer membrane (‘membrane’ hereafter) and the two catalyst layers on either side of
the membrane that become cathode and anode of the resultant electrochemical device
(Fig. 1.3). Together, these form a catalyst-coated membrane (CCM), also known as a ‘3-
layer MEA.” The addition of gas-diffusion layers is called a ‘5-layer MEA’ and this forms
the core of a fuel cell stack. The large majority of efficiency losses occur within this MEA,
particularly the catalyst layers, and as a result the determination of structure-property
relationships of materials incorporated into these layers has been a major focus of the
field for many years. To form an MEA, catalyst ink is transformed into catalyst layers by a
deposition process whereby the solvent is driven off and solids thereby deposited. This
catalyst layer may be deposited on the membrane, microporous layer (MPL) of the gas-
diffusion layer (GDL), or on an inert substrate (e.g. PTFE) to create free-standing catalyst

layers transferred into the system by the ‘decal transfer method.’



Figure 1.3:
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“~Sulfur ““Fluorine Platinum

Scanning electron microscopy (SEM) images of A) a catalyst-coated
membrane (CCM), AKA 3-layer MEA; B) close zoom on catalyst layer,
noting clusters of ionomer-bound carbon particles decorated with
platinum nanoparticles; and B) CCM with gas-diffusion layers (GDLS),
AKA 5-layer MEA, with energy-dispersive x-ray (EDX) signal overlay
confirming Pt-containing electrodes, PFSA membrane, and PTFE-
treated GDLs.



1.2. Membranes

1.2.1. Proton-Exchange Membranes (PEMS)

Perfluorinated sulfonic acids (PFSAs) comprise the current standard for PEMs and
ionomer. PFSAs were developed in the 1960s, with DuPont’'s Nafion® becoming the
archetypal proton-exchange membrane (Fig. 1.4a). In the early 2000’s, environmental
concerns related to the emission of perfluorooctanoic acid (PFOA) and
prefluorooctanesulfonic acid (PFOS) after PEMFC end-of-life inspired a greater focus
within academia and industry on shorter side-chain PFSAs such as Solvay’s Aquivion®
(Fig. 1.4b) or 3M’s 3Mion® (Fig. 1.4c).?° PFSAs generally combine high conductivities,
chemical stability, physical stability, and processability as ionomer solution in a fully low-

boiling solvent mix, making them well-suited to fuel cell use.

A) — (CFCF) CF,CF— Nafion®
| | EW 1100, m = 6.6
OCF,CFOCF CF SO H
CF,
B) — (CF.CF)CFCF— Aquivion®
| EW 830,n=5.5
OCF,CF,SO.H
Q) — (CF,CF) CF,CF— IM™
| EW 850, p = 4.7
OCF,CF CF,CF,SO.H

Figure 1.4: Chemical structures for common variants of commercial PFSA
membrane/ionomer materials A) Nafion, B) Aquivion, and C) 3Mion;
varying equivalent weights (EWs) are achieved by varying the
repeating main chain unit (i.e. the values of m,n, or p for the PFSAs
shown); see also Appendix B.

High conductivities require a high number of functional units per unit volume for

greater proton mobility and the formation of water channels with low tortuousity, i.e.



straight channels formed in the through-plane direction, wide enough to minimize dead-
ends within these channels without causing excessive swelling or solubility.*>3! These
materials properties are best realized by good hydrophobic-hydrophilic phase
segregation, where hydrophilic groups can rearrange into hydrophilic domains and absorb
water to form water channels, while hydrophobic domains counteract swelling and
maintain the structural integrity of the material. Examining the structure-property
relationships of phase segregation by different chemical strategies has been the focus of
significant research that guides materials discovery efforts (see also 1.2.1 & 1.2.2).32%

Insights into structure-property relationships for ion-exchange membranes are
found by a number of ex situ tests typically performed on new materials. Electrochemical
impedance spectroscopy measures in-plane conductivity, determined from the high- and
low-frequency intercepts on the Nyquist plot (see 2.2.6).3 Water uptake is determined by
gravimetric methods, while liquid-liquid, liquid-vapour, vapour-vapour, and electro-osmaotic
transport properties are determined either by physical or electrochemical methods.35-3"
Dimensional swelling, expansion of membranes caused by water uptake into the
hydrophilic domains of the polymer, is typically reported as linear expansion in the xy-
dimensions and separately as linear expansion in the z-dimension. Dimensional swelling
is found by measurement of a material dry and after equilibration in an environmental
chamber under relevant conditions (e.g. 80 °C, 100% RH). Similar water adsorption-
desorption experiments have been performed on ionomer in the catalyst layer to
differentiate properties of ultra thin films, and important and increasingly more common
consideration.® lon-exchange capacity (IEC) is a measure of the number of functional ion-
exchange groups per unit mass (meq-g?), e.g. the number of sulfonic acids per 1000 g
polymeric weight. IEC is measured both by NMR, the theoretical IEC, and titration, the

IEC accessible to water.

The IEC is the factor determining various properties including water uptake and
dimensional swelling. These properties impact conductivity and mechanical strength. lon-
exchange membranes and ionomer materials are typically classified by their IEC. The IEC
of Nafion lies in the range of 0.9-1.0 meq-g?, the upper limit dictated by its water solubility
in relevant operational conditions. Aquivion (Fig. 1.3b), representative of shorter side-
chain polymers, achieves an IEC of 1.2 (see also Appendix B). At 80 °C, 100% RH by ex
situ in-plane electrochemical measurement, Nafion achieves a conductivity of 110 mS/cm

and Aquivion 230 mS/cm , both with less than 50 wt% water uptake. These examples

10



effectively provide the practical limits of conductivities and water transports relevant to
application in PEMFC membranes and ionomer, although some of the producers of PFSA

ionomers such as 3M supply materials for research using higher IEC materials.*®

While membrane conductivities are generally reported as constant for a given
equivalent weight, the measurement theoretically normalized for membrane thickness, the
skin of PFSAs is more resistive than the bulk in membranes when the membrane is
equilibrated to water vapour, even at 100% RH. This results in membrane conductivity
dropping significantly as thin membranes are employed. As with other physical properties
of membranes, skin effects are not simply innate to a given polymer formula and molecular
weight, but also a function of the conditions used in processing this polymer into a
membrane such as solvent, annealing temperature and time, as well as subsequent
integration, such as lamination. As a result, substantial research has been directed at
understanding skin effects and improving interface design to minimize the impact on

transport properties.*°

The morphology and film thickness of ion-exchange materials are significant
consideration for both the membrane and ionomer in the catalyst layer. From the 1980’s
to the 2000’s, the commercial baseline for membranes in PEMFCs transitioned from
extruded 175 um Nafion 117 to dispersion-cast 25 um Nafion 211, and more recently to
5-20 um ePTFE-reinforced membranes. Thinner membranes have several benefits
including allowing for higher total conductance and high back-diffusion of water.'®> and the
alteration of membrane production process reduced the PFSA skin effect.*! This is further
complicated in short side-chain membranes which require hot-pressing to induce
crystallinity by enhancing molecular ordering in the annealing process. This is effective in
preventing over-swelling of the membrane and dissolution of ionomer in the catalyst layer

despite the higher IECs of these materials.

lonomer in the catalyst layer forms films sub 20 um, necessitating separate
research into ionomer properties as extremely thin films. Only probing the effects of
volume confinement, surface interactions, and skin effects at the correct scale can
elucidate what materials properties are important for ionomer and how these may differ

from the requirements of membranes (see 1.2.3 & 1.2.4).
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Chemical stability is a blanket term for the stability of membrane/ionomer in acid,
to oxidative conditions, to hydrolysis, and to radical attack. Acid stability is not an issue
below thermal decomposition limits. While the oxidative stability of PFSAs was vital to the
adoption of PFSA membranes in several major applications — e.g. electrolytic and
electrodialysis cells for water treatment, PEM electrolyzers, and chlor-alkali systems —
potentials remain below 1.23 V in fuel cells and oxygen is the only oxidant in the system,
so development of oxidative stability is not a major concern beyond the low threshold of
stability under pressurized air. Hydrolysis is not of concern in PFSA, although the
hydrolysis of persulfate precursors leads to -COOH end groups that in turn accelerate
PFSA degradation by radical attack. The stability of PFSA membrane and ionomer to
degradation by radical attack is a major determinant of fuel cell lifetimes. Radicals form
when 2 e ORR occurs; while this is typically prevented on Pt, direct reaction of O, and H:
at the cathode caused by fuel crossover provides the major source of radical density in an
operating fuel cell (see 2.2.3). Oxidized impurities in precursors cause carboxylic acid end-
groups in PFSAs, providing a facile pathway for PFSA degradation according to the

following mechanisms:

R-CF.COOH + OH & R-CF2 + CO2 + H20 1.9
R-CF2 + OH &> R-CF.0OH - R-COF + HF 1.10
R-CF2 + H20 - RF-COOH + HF 1.11

A major breakthrough in the realization of target fuel cell lifetimes was the post-
functionalization of these carboxylic acid end groups in PFSAs, conclusively
demonstrating that targeting degradative pathways can be effective in significantly
reducing radical degradation in fuel cells. However, solid-state NMR work indicates side
chains are still susceptible to radical attack. It has also been suggested that main chain
scission results from radical attack by H-. As HF results after recombination in all of these
pathways, the fluoride emission rate is considered an accurate measure of

membrane/ionomer degradation in operating fuel cells. In ex situ studies, both loss of

12



polymer molecular weight as well as titratable and/or NMR-derived IEC are also
considered as indicative of degradation, representing loss of mechanical strength and
functionality, respectively. As the ionomer constitutes a small fraction of the total polymer
electrolyte in the system, the majority of polymeric degradation is thought to occur in the
membrane, i.e. if the fluorine emission rate was predominantly attributable to degradation
of the ionomer, none would remain within a short period of time. Chemical degradation in
PFSA-based membranes leads to pinhole formation, as the formation of reactive end-
groups lead to increased local rates of degradation further exacerbated by increased fuel
crossover at these sites. .

Redesigning and synthesizing PFSAs to achieve enhanced properties is extremely
challenging (see 1.2.4), so the focus in the field has shifted to the reduction of radical
density in the fuel cell. Rigorous elimination of iron, copper, and other Fenton-active
metals reduces radical density, and was another key breakthrough in increasing fuel cell
lifetimes. To further reduce radical densities, both organic and inorganic additives are
being explored as radical scrubbers in PEMs, with CeO; presently the most prevalent
additive. Barrier layers may reduce crossover without substantially affecting membrane
conductivity, and may allow greater overall conductance of a membrane by mechanically
stabilizing thinner films than may be consistently produced by unstabilized polymer,

although thinning membranes increase gas crossover in turn.

The accepted ex-situ accelerated stress test (AST) to probe the stability of fuel cell
membrane/ionomer to radicals (‘chemical stability’ hereafter) is the Fenton’s Reagent Test
(‘Fenton test’ herafter), wherein a membrane is heated in a solution of hydrogen peroxide
and iron salts, with the Fe?'/** redox couple acting as catalyst for radical generation.
Typical conditions include 10 ppm Fe?* and 20 wt% H,O- at 80-85 °C, with the solution
replaced at set intervals. In a 48 h test on Nafion, a mass loss in excess of 15 wt% was
observed, encompassing both main-chain scission resulting in reduced molecular weights

and side-chain scission resulting in lower IEC.#?

The common in-situ AST for chemical stability involves operation at increased
temperature, low relative humidity (RH), and open-circuit voltage (OCV). High potentials
cause a continuous production of OH: radicals at a rate significantly higher than in normal
fuel cell operation. These radicals are generated by the same means and in the same

locations as in an operating cell. As a result, in situ ASTs better represent the chemical
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degradation that occurs in fuel cells compared to the Fenton test; however, both
techniques must be used, ultimately proving complementary in understanding real
phenomena in fuel cells, and neither fully describes real long-run tests such as the positive

effect of Pt-banding.*344

Mechanical stability is also a requirement for fuel cell membranes, with elasticity
(high strain) being favoured over strength (high stress). Beyond the fundamental polymer
chemistry, casting solvents and conditions determine mechanical toughness of
membranes by dictating the gelation process of the membrane, with a homogeneous
gelation being preferable to an inhomogeneous precipitation. PFSAs such as Nafion are
known to exhibit hysteresis to an extreme depending on the conditions of film formation:
tensile toughness, the area under the stress-strain curve, was shown to vary over 100x
depending on solvent and conditions of solution-deposited films, independent of observed
crystallinity.*®

Mechanical degradation interacts with chemical degradation, as radical
degradation rapidly leads to the loss of polymeric plasticity and ultimately to mechanical
failure,*® while the formation of thin spots due to mechanical strain may in turn enhance
chemical degradation. Strong but brittle membranes are unsuitable for use in fuel cells, as
they easily form cracks when compressed into fuel cells or when subjected to RH
variations, increasing gas crossover and the resultant in situ radical densities substantially,

causing a cascade of degradation.

Several mechanisms exist to counteract mechanical degradation of membranes.
Membranes can be cross-linked to itself and/or to a reinforcing web for added mechanical
toughness of the material. The use of soft gasketing materials can minimize strain on the
membrane, greatly increasing lifetimes of materials under humidity cycling.*’” Edge
reinforcement can significantly counteract failure along the stress point at the membrane-
gasket boundary. Operational conditions may also be chosen to limit physical stress on
the membrane, for instance by maintaining a consistent, high humidity including during

startup/shutdown cycles.

As chemical and physical stability cannot provide an adequate measure of material
lifetime in isolation, developmental work on ASTs seeks to combine both modes of

degradation. Generally accepted practice for the reporting of AST data on new materials,
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additives, or reinforcements requires an internal standard using an unreinforced PFSA of

similar membrane thickness (see 2.2.3).

1.2.2. Effect of PEM Properties on Fuel Cell Operation

Beyond considerations of hydrogen crossover and overall fuel cell lifetime, thin,
reinforced membranes are preferential for fuel cell operation due to their low resistance,

low swelling, and high hydraulic permeation rate.

Membrane and catalyst layer resistances together account for the majority of the
efficiency losses in an operating fuel cell.*® Proton conductivity through the membrane
accounts for the losses in the Ohmic region of the polarization curve, and increasing
membrane conductivity for a given membrane thickness increases efficiency at a given
current density for practical power densities in a working fuel cell, particularly under

backpressure (see 2.2.1).

Water content is the second most-considered parameter of a fuel cell membrane.
Although interrelated to conductivity — water uptake and the resultant dimensional swelling
is necessary for materials to achieve high conductivities — swelling itself reduces the
effective proton concentration in a given proton-conducting channel, and thicker
membranes exhibit a lower total conductance, however both of these impacts are
generally minimal and only notable in the case of materials that can achieve very high

water contents such as sPEEK possessing high ion exchange capacities.

More importantly, dimensional swelling causes problems during fuel cell operation.
Swelling in the xy direction has long been known to cause problems interfacial and
mechanical strain (shear) along the edges of a fuel cell.*® Swelling in the z direction may
cause the catalyst layers to compress and thereby cause water transport issues or may
cause membrane material to be intercalated into the catalyst layer, reducing the
electrochemically active surface area. However, these effects may be remediated with low
initial stack compression or modifiable compression, and the impact further depends on
the compressibility of the GDL and the thickness of the catalyst layer. Optimizing
operational parameters such as relative humidity, temperature, and backpressure may
also be accomplished to counteract swelling in the z direction or problems related to it.>°

As a result, swelling in the xy direction is considered the greater problem and commercial
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membranes are reinforced with an inactive mesh, typically ePTFE, to direct swelling in the

z-direction in addition to adding mechanical stability.

Also related to the conductivity to swelling ratio of membranes, channel
connectivity and tortuosity are important parameters of a membrane to consider.
Significant insight can be gained ex situ — the water uptake can be readily measured in
the wet form, while membrane conductivity can be measured in-plane or through-plane 3-
or 4-probe EIS. The effectiveness of nanophase segregation and the channel diameters
achieved can be investigated by exchanging protons for silver or lead ions and conducting
transmission-electron microscopy (TEM) on membranes. Recent work has paired this with
a new method of X-ray analysis to separate ‘useful’ water content engaged in proton
conduction from ‘useless’ water content isolated from conductive pathways.®* This is
promising to identify structures that maximize conductivity through enhancing the
proportion of ‘useful’ water content while minimizing the loss of mechanical strength to the

proportion of ‘useless’ water content.

Conductivity (mS-cm?) is the parameter reported to compare membranes, as the
normalization to thickness allows for a single value to describe a given ion-exchange
material to a small margin of error despite the wide variety of membrane thicknesses used
in applications. However, conductance (mS) is the important term to operational efficiency,
resulting in thinner membranes being more efficient to employ in fuel cells. While skin
effects caused by crystalline, highly tortuous regions near the surface reduce
conductivities as thickness decreases — particularly in PFSAs, under reduced humidities,
and in extruded membranes — the overall conductance increases as membranes are made

thinner.

Besides conductance, hydraulic permeation is a less commonly considered
parameter important to the understanding of membranes in situ, as this determines the
rate of water permeation through a membrane. An excess of water is produced at the
cathode alongside water molecules being transported to that side via electro-osmotic drag,
so permeation of this water is necessary to rehydrate the anode side and achieve maximal
conductivity, commonly and hereafter called back-diffusion as this occurs in the opposite

direction to electro-osmotic drag.
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Early commercial fuel cells for light transport such as the Toyota Mirai do not
employ external humidifiers in order to reduce stack cost, and rely on reinforced ultra-thin
membranes such as GORE-SELECT®. The 5 um, 0.9 meq-g* IEC membrane has a
reported conductivity of merely 28 mS-cm?, compared to 100 mS-cm* for the 60 um,
identical IEC N112, the standard value reported for PFSAs. However, this GORE-SELECT
membrane exhibits a 3.3x increase in conductance. Similarly, hydraulic permeances were
found to increase with reduced thickness and particularly with increased IEC and the
resultant increased water uptake.*®* The net effect of ultra-thin membranes are a
significantly faster water equilibration and a greater maximum rate of water transport.
These are both vital properties for automotive fuel cells operating at high current densities
and with reduced or absent external humidification, counteracting both cathode flooding
and anode dehydration from electro-osmotic drag.

1.2.3. lonomer in the catalyst layer

Incorporating ionomer into a catalyst layer improves the ionic conductivity of the
catalyst layer, simultaneously filling nanopores and the smaller mesopores in addition to
effecting a small reduction in the total volume of a beginning-of-life (BOL) catalyst layer.
Overall, ionic conductivities of catalyst layers are around two orders of magnitude lower in
thin ionomer films than in bulk membrane, and generally over an order of magnitude loss
even when the ionomer content in the catalyst layer is normalized to bulk ionomer, e.g.
100% rather than 30% of solids; for illustrations of all these points see Chapters 3 & 4 vide

infra.5%-54

Processability of a polymer electrolyte as an ionomer refers to the ability of a
polymer to be dispersed in low-boiling solvents. Nafion is the standard ionomer in the
catalyst layer. It is provided as a dispersion in alcohol or alcohol-water mixtures, with
MeOH and IPA being the two most common alcohols used for this purpose. However, the
large majority of hydrocarbon ionomer alternatives are solely soluble in high-boiling
solvents (e.g. DMF, DMAc, DMSO), and this has been identified as a major barrier to their
adoption by industry. Commercial barriers to the use of high-boiling solvents include long
drying times and the necessity of solvent recovery, which complicates manufacturing.
While these are surmountable barriers, even small quantities of high-boiling solvents are
also known to anneal catalyst layers, reducing their internal pore volume in the

mesoporous range. However, counter-claims about the positive effects of glycerol, a high-
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boiling solvent, on the longevity of catalyst layers warrants further investigation,

particularly with respect to hydrocarbon ionomer in the catalyst layer (see section 3.5).

1.2.4. Limitations of PFSAs as Membrane/lonomer

PFSAs are the standard material for PEMFCs; their initial development enabled
the field to begin and their adaptation has led to long-lived and efficient fuel cells. However,
replacement of PFSAs with fully hydrocarbon alternatives has been a goal of the field
since the 1980’s, because PFSAs have many innate, insurmountable drawbacks in terms

of their development, production, use, and end of life.

Research into new perfluorinated ion-exchange membranes is slow and beset by
many chemical and environmental challenges. Precursors are dangerous and innately
expensive, and the presence of fluorine introduces substantial complications in terms of
reactivity compared to hydrocarbon chemistry. The use of perfluorinated solvents in the
production increases the already high energy requirements for the production of these
materials. While waste emission has been significantly reduced due to regulation, fluorine-
containing waste and the emission of fluoride/hydrofluoric acid and other breakdown
products from fuel cell stacks during and after use — especially perfluorooctanoic acid
(PFOA), perfluorooctane sulfonic acid (PFOS), and their equally harmful short-chain
analogues — are of considerable environmental concern. These compounds are highly
toxic and bioaccumulative, as well as challenging to remove using common wastewater
treatment systems — today, 15 million Americans drink water above the EPA limit for PFAs
of 70 parts per trillion.* Finally, fluorinated ionomer adds cost and difficulty to the recycling
of precious metal electrocatalyst from used fuel cells; >95% Pt recovery is possible, but
results in large quantities of high-GHG, ozone-depleting exhaust or liquid perfluorinated
waste. This issue is of significant concern to the mass adoption of fuel cells, given both
finite platinum production and strong commitments to reduce PFSA use wherever

possible.®

Additionally, achieving consistent quality control for polymer production, casting,
and integration into catalyst layers has proven extremely difficult. This has only been
achieved by large companies after many years of development work. Altogether, research
into new PFSAs is pursued by a handful of industry labs globally. Collectively, base

material costs, high energy requirements, and difficulties in processing at every step result
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in perfluorinated sulfonic acids being substantially greater in cost than a comparable
hydrocarbon material at any given scale, and while the DOE’s cost targets of <$150/m?
can readily be achieved by thin PFSAs at volume, only fluorine-free membranes will ever

be able to achieve the target of $25/m? for global supply.

Several materials properties of PFSAs do not align with those desired for fuel cell
membranes. First, increasing operating temperatures to 120 °C or greater is a goal of the
field. Higher temperatures improve reaction kinetics, simplify water management, and
mitigate CO catalyst poisoning. The latter point is especially important. Reformate
(hydrogen from cracked methane) comprises 95% of the hydrogen gas supply and
contains high concentrations of CO as impurities from its production process. Processing
this to the required ultra high purity increases its cost significantly, substantially impacting
the economics of the nascent hydrogen economy. However, PFSAs are not suitable for
fuel cell operation at 120 °C. While the Ty of PFSAs cannot be rigorously defined, long
side-chain PFSAs creep substantially above 80 °C, while shorter side-chain PFSAs may
increase this threshold by up to 40 °C. Operational temperatures higher than 80 °C
coupled with dehydration of the membrane have been strongly implicated in polymeric
rearrangement that irreversibly results in lowered conductivities, even in the presence of
hydrophilic additives such as TiO; or SiO,.°6%® Furthermore, RH changes at higher
operational temperatures antagonize the effect.>° Polymeric creep also results in thinning,
which increases fuel crossover and thereby decreases membrane lifetime. As a result, 80-

90 °C is the de facto operational threshold for PFSA-containing MEAs.

Degradation of PFSAs causes a chain of effects within the fuel cell that result in a
feedback loop of further degradation ultimately resulting infailure. Hydroxyl radicals have
low reactivities within stabilized PFSAs at the beginning of life (BOL). However,
degradation causes an increase to the reactivity of PFSAs with the hydroxyl radicals,
resulting in failure caused by cracks and pinholes. Among the degradation products of
PFSAs are super-acids; for instance, CF3SOsH (trifluoromethanesulfonic acid, or triflic
acid) has a pKa in water of -12, whereas methansulfonic acid, CHsSOsH, has a pKa of -
2.6.%° These products contribute to the significant platinum dissolution at operating
potentials >0.6 V as well as likely damage the gas-diffusion layer (GDL).%1-%2 A recent ICP-
MS experiment detected Pt dissolution at 0.85 V after a mere two hours of operation, with
dissolution not limited to either electrode, and exacerbated by high potentials during start-

stop operation.®® Dissolved platinum ions are either washed out of the system or they re-
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deposit within the membrane. Whereas the formation of a full platinum band may increase
fuel cell lifetimes by blocking gas crossover,** nano-deposits of platinum in the PEM
catalyze the creation of hydroxyl radicals and thereby significantly accelerate degradation
in the catalyst layer and membrane, particularly on the anode side and in hydrogen-rich

regions of the membrane.®

1.2.5. Low-Fluorine and Fully Hydrocarbon PEMFCs

Predominantly or fully hydrocarbon chemistry allows for relatively rapid and
accessible materials development. A much greater breadth of polymer architectures are
more easily accessible; while PFSAs employ side-chain functional groups in pendant- or
graft-type polymer architectures as a means of attaining nanophase segregation, other
molecular design strategies accomplish the same, including various types of block
copolymerization. Hydrocarbons designed for fuel cell use typically have far higher Tgs
than PFSAs (i.e. >120 °C, frequently far greater), solving problems related to creep and
hot-pressing of PFSA-containing materials in addition to opening up the prospect of

efficient, long-lived fuel cell operation at >100 °C.196°

PFSAs and hydrocarbons have significantly different IECs for comparable
conducitivities. This is a common barrier to hydrocarbon membranes being understood
with respect to their PFSA counterparts. The comparatively heavy fluorine atoms (Z=19
for F vs. Z=1 for H) make the comparison to the functionality of hydrocarbon-based
ionomers not straightforward. Nafion at 0.91 meq-g™* IEC (1100 EW) and Aquivion at 1.15
meq-g* IEC (870 EW) correspond to IECs of 2.71 and 3.40 meq-g?, respectively, if all
fluorine atoms are replaced with hydrogens in the IEC calculation (see Appendix B). The
comparison is not perfect in terms of functionality of a polymer by volume — Van der Waals
radii for carbon, hydrogen, and fluorine are 17, 12, and 15 A, respectively — but the

comparison is substantially more adequate.

If a given family of hydrocarbon materials is of interest, it can be far more readily
tuned to a given application, opening up the often called-for but rarely realized possibility
of tuning materials properties to the requirements of each distinct location in the fuel cell.
In PEMFCs, anode ionomer, anode-side membrane, cathode-side membrane, and
cathode ionomer all have different ideal materials requirements. With hydrocarbon

materials, it is conceivable that a fuel cell could be created comprising four proton-
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exchange materials with divergent characteristics to address the needs of these four
regions of the fuel cell (e.g. hydrophilicity/hydrophobicity). While many materials
candidates contain fluorinated groups, those with the complete absence of fluorination,
fully hydrocarbon membranes/ionomer, hold the potential to assist in the mass-adoption
of PEMFCs; these allow for highly effective catalyst recovery without the generation of
large quantities of liquid fluorinated waste, and the potential for ionomer recycling, and
lower to far lower energy input requirements than their fluorine-containing counterparts.
Fully hydrocarbon or highly hydrocarbon membranes exhibit significantly lower gas
crossovers in addition to reduced OCVs at beginning of life (BOL),' both qualities that result
in lower radical densities in operating fuel cells, along with a greater versatility for
membrane stabilization and other beneficial properties in applications such as DMFCs
and MFCs.®®

i At an engineering level, low OCVs are considered a positive attribute provided the voltage losses
do not extend beyond the kinetic region.
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Figure 1.5:
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Representative structures of what are herein described as first-,
second-, and third-generation hydrocarbon ion-exchange materials
designed for fuel cells, namely a.) sulfonated poly(ether ether ketone),
SPEEK, a highly linear, low free volume, high ether content polymer
represented as a random or block copolymer; b.) sulfonated
poly(arylene ether), sP4c (see Chapter 3), containing fewer,
electronically protected ether linkages and high free volume; and c.)
sulfonated poly(phenylene), sPPP, also represented as a random or
block copolymer, comprised entirely of arylene groups, with high free
volume, no ether linkages and characterizable, more regular structure
due to pre-sulfonation.
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Of the first generation of hydrocarbon materials thought to be able to replace
PFSAs, sulfonated poly(ether ether ketone), sPEEK (Fig. 1.5a), was by far the best
characterized. Compared to other early hydrocarbon membranes, sPEEK can be
prepared with very high IECs before inducing solubility and forms strong, flexible thin films.
As a result, sSPEEK maintained high proton conductivities at comparatively low relative
humidities. However, several issues led to difficulties in its integration into fuel cell
systems. At high relative humidities, sSPEEK swells excessively. With sPEEK as
membrane, excessive swelling both compresses catalyst layers and leads to low durability
in start/stop conditions. With SPEEK as ionomer, excessive swelling leads to a lower OCV
and greater kinetic losses from electrode poisoning, lower gas permeabilities to active
sites due to thicker ionomer coverage of electrocatalyst, and reduced charge carrier
concentration, in addition to severe mass transport losses from a reduction in free volume
within the catalyst layer. Finally, SPEEK requires dissolution in NMP or other high-boiling

solvents, a major barrier to acceptance in commercial systems (see Chapter 3).11:67-69

Second-generation hydrocarbons are typified by poly(arylene ether) sulfonic acids;
these have Tgs upwards of 180 °C, lower ether contents per repeat unit, and many
explorations contain fluorinated units for electronic protection of ether linkages or
enhancement of sulfonic acid acidities (see 1.2.4). Unlike sPEEK, these offer promise for
lifetimes nearing that of Nafion without major compromises to system efficiencies and the
operational window of the system. While mechanical stability is typically far lower than
PFSAs and ex situ chemical stability tests imply short lifetimes, redesigned systems
employing strategies such as soft gaskets and notably even surface cracking have shown

potential to extend lifetimes in real conditions beyond the capabilities of PFSAs.>70-76

Third generation hydrocarbons feature the complete elimination of sites most
susceptible to chemical attack, in particular ether linkages, from the backbone with a
poly(arylene) backbone. As with second-generation materials, explorations have included
fluorinated moieties in the backbone or side-chains, or the elimination of fluorination
altogether. More advanced systems incorporate structures found to give the desired
properties for fuel cell operation in first- and second-generation systems, such as the
development of rigid, high internal volume polymer chains and high achievable sulfonation

through pre-sulfonation.”’-81
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One substantial difference between perfluorinated and hydrocarbon membranes
is the effect of gas permeability. Permeability is considered the product of solubility of a
gas in polymer and its diffusivity. Hydrogen permeability results in hydrogen crossover,
the majority of gas crossover in a fuel cell, and its reduction is considered to be a
significant benefit of hydrocarbon-based membranes. Nitrogen permeability is a lesser
source of hydrogen losses in hydrogen-recirculating systems. Oxygen permeability is
considered very important to understanding ORR electrocatalysis in a fuel cell and a topic
of significant research at present.

1.2.6. Alkaline Anion-Exchange Membranes (AEMSs)

lonomer materials that are stable under alkaline conditions have become
significantly of interest to the field since the initial proof-of-concept of alkaline anion-
exchange fuel cells (AEMFCs hereafter) by Fauvarque & coworkers in 2001.2% In
subsequent years, this work was followed by order-of-magnitude increases in membrane
conductivity and corresponding current and power densities achievable in AEMFCs.3
Interest has been further fueled by fundamental research into electrocatalysis in alkaline
media suggesting catalysts free of or extremely low in platinum-group metal (PGM)
content could meet or exceed the activity and stability of PGM-based catalysts in acidic

media.

The majority of present research toward AEMFCs is split between catalyst
discovery and membrane development, the latter significantly accelerated through
insights gained from the development of hydrocarbon ionomers for acidic media. In the
field of AEM development, the major goals in the order of priority are chemical stability —
specifically focused on alkaline conditions — and to a lesser degree high hydroxide
conductivity and mechanical properties sufficient for integration into electrochemical

devices.?

Membranes with chemical stability in alkaline solutions sufficient for proof-of-
concept work have been developed at the laboratory scale. However, so far none of these

materials meet the threshold of stability required for AEMFC commercialization.

iFor disambiguation, in the literature AEFMCs may be abbreviated as AMFCs or called alkaline
anion-exchange membrane fuel cells, AAEMFCs; solid alkaline fuel cells, SAFCs; or hydroxide-
exchange membrane fuel cells, HEMFCs.
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Tokuyama A-201 membrane and AS-4 ionomer together serve as a de-facto baseline for
all applications requiring alkaline stable AEM. However, these materials are no longer
available to the research community. FuMa-Tech FAA-3 membrane represents the only
alkaline-resistant anion-exchange membrane and ionomer solution with widespread

availability with chemical stability sufficient for prototyping AEMFCs.

However, FAA-3 is only provided in NMP, a high boiling solvent that is a major
barrier to industrial use, and apart from that no ionomer is widely available. Further, the
only membranes commercially available are crosslinked, preventing the effective
development of catalyst layers by conventional methods, and reducing ion
conductivities.®® This belies the fact that ionomer stability is particularly a challenge of the
field, more so than membrane stability; the lack of an ionomer was identified as the single
greatest barrier to the development of catalysts, MEAs, and systems for AEMFCs at the
2016 DOE AMFC workshop.® Compared to studies in acidic media, consideration of the
ionomer separately from membrane has been extremely minimal, and no robust standards
for the characterization of electrodes presently exist. Modeling is similarly preliminary, and

requires pairing with rigorously controlled, fundamental experimental explorations.®’

Beyond alkaline stability, the most important property for lifetime is hydrolytic
stability. The requirement for high A-values, the number of water molecules per functional
group in a polymer, to minimize reactivity between hydroxide and the polymer require the
membrane to maintain a full or near-full hydration state during operation. Other properties
required for long-lived AEMs are unknown — oxidative stability is known to be important
for applications in electrolysis, where the oxidative potential has been shown to rapidly
degrade cathode ionomer, and water treatment, which commonly employs chlorine
generation or HOCI/NaOCI. However, the requirement for other types of chemical stability
for AEMFCs is unknown, in part because no membrane or particularly ionomer has yet
been shown to be of sufficient stability in alkaline to observe other modes of degradation

in situ.

Ex situ conductivities in membranes nearing that of hydroxide ion in pure water
(200 mS-cm) have been achieved using numerous strategies for materials development.
Hydroxide conductivity is considered to be three to four times the conductivity of chloride

ions. Herring and coworkers have exerted particular effort in relating other anionic
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conductivities to that of hydroxide.®® An anomaly has recently been found for bicarbonate

transport, suggesting this involves hydroxide.5?

The use of polymeric molecular design strategies initially employed in PEMs have
proven effective for AEMs; for instance block copolymerization resulted in lowered
dimensional swelling.8% High toughness, indefinite alkaline stability, and processability
as ionomer constitute a significant issue for materials with otherwise promising
characteristics, but all these characteristics are necessary in a single material to create
consistent and long-lived AEMFCs.

1.3. Catalyst Layers

1.3.1. Catalyst Ink Composition

The solid component of catalyst inks is comprised of supported catalysts and
ionomer. The ink solvents are typically water-alcohol mixtures.The ionomer is usually
dispersed in alcohols (MeOH, EtOH, IPA) or high-boiling aprotic solvents (DMAc, DMF,
NMP, etc). Water is included to wet the highly active electrocatalyst powder, preventing
the spontaneous oxidation of catalyst, catalyst support, and/or solvent. The dielectric
constant is a measure of solvent polarity, and affects the degree to which a given ionomer
is dispersed in the catalyst ink. Moreover, it determines the types of domains that are
responsible for this dispersion (i.e. polar or non-polar domains), the type micelles that form
of upon ionomer self-association in solution and the rate of sedimentation. Many
properties of catalyst layers have been associated with dielectric constant of the initial
solution, including catalyst layer porosity and electrocatalyst durability, while no clear
consensus has emerged (see 3.5). The presence of high-boiling solvent(s) in the catalyst
ink may result in large alterations to the dielectric constant and polymer solubility as a
solvent mixture dries, and commonly used high-boiling solvents in catalyst inks may be
highly polar, e.g. ethylene glycol, to non-polar, e.g. DMF. Provided the catalyst ink is well-
dispersed, the method of application, the rate of solvent mixture evaporation, and/or the
substrate employed (e.g. membrane, PTFE sheet, or carbon black/MPL) may have a
greater impact on important catalyst layer properties, e.g. mesoporosity, than the dielectric

properties of the dispersion medium (see 1.3.2).
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The supported catalyst is typically comprised of platinum or platinum-alloy
nanoparticles 20-70 wt% relative to the overall weight of the catalyst. Carbon support
comprises the remainder (see 1.3.3). As a result, the choice of the electrocatalyst affects
the thickness of catalyst layers substantially, with an order-of-magnitude difference
between the two extremes: 20 wt% Pt/C corresponds a mere 2.2 vol% metal, while 70
wt% 1:1 PtRu/C is 21.2 vol% metal. Thinner catalyst layers have lower resistance than
thicker catalyst layers. Beyond the minimal effect of this reduction in bulk resistance, there
are claims that overall catalyst activity in increased, with one possible explanation being
that thinner electrodes may reduce the effect of mixed potentials that comprise a portion
of the difference between theoretical reversible potential and attainable OCV.%-93
However, thinner catalyst layers are susceptible to earlier mass-transport losses from
water transport.®* assuming a 60% porosity in the catalyst layer, a fuel cell operating at
1000 mA/cm?results in 3.2 pm/s of water generated at the surface of a PEMFC cathode,
or double that at an AEMFC anode. These units are a one-dimensional measure of water
production in an electrode, independent of active area or catalyst layer thickness,
convertible into the volume water that must be expelled into the GDL or back-diffused
through the membrane per second for an MEA not to flood (for representative calculations,
see Appendix C). In the case of AEMFCs, this is of larger impact than initially thought and
the recent trend is towards developing thicker anode catalyst layers in AEMFCs.® Finally,
higher-loaded catalyst layers are more expensive since they contain more precious

metals.

1.3.2. Deposition of Catalyst Ink

The method of catalyst ink deposition exhibits substantial effects on the
microstructure and properties of the catalyst layer. The methods can be broadly
categorized in order of decreasing solvent residence time per layer: methods analogous
to membrane casting that deposit the layer in a single step, e.g. die-casting or knife-over-
roll, and subsequent heat treatment; inkjet printing onto a heated substrate, resulting in a
small number of deposited layers and moderate solvent residence times; and ultrasonic
spray-coating onto a heated substrate, resulting in many deposited layers and short
solvent residence times. All of these methods have been employed to create electrodes

industrially. Sputtering and other methods involving significant quantities of wasted
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electrocatalyst have fallen out of favour in the research community, despite their initial

promise of high Pt-efficiencies.®®

Higher deposition rates of solids in the catalyst ink are desired for the formation of
large-area electrodes. High deposition rates may be achieved by any of these general
methods, as increased substrate temperatures may be employed for rapid evolution of
solvent. The number of deposited layers to achieve a given loading varies from one using
casting techniques — the most consistent techniques being Mayar bar on the research
scale and slot-die on the industrial scale — to tens of layers using picolitre-resolved inkjet
printing techniques, to hundreds of layers with spray-coating.®” While the total drying time
for a given electrode may be equal between methods, the average residence time of
solvent per layer decreases with the number of layers deposited.

It is notable that casting methods of electrode deposition result in cracked
electrodes except in a handful of industrial roll-to-roll systems where solvent composition
and drying rates are heavily optimized. Inkjet printing and spray-coating techniques that
result in long solvent residence times, i.e. the length of time between ink deposition on a
substrate and the evaporation of solvents from that ink to form the resultant dry catalyst
layer. Spray coating using ink compositions and substrate heating to result in short
residence times does not result in cracked electrodes.®® Increased residence times are
not consistently demonstrated to have an effect on total electrode volume, but a
comparison of inkjet printing versus casting demonstrated a 20% gain in ECSA,*” while a
comparison of spray coating techniques demonstrates to have a statistically negative
effect on the mass transport region of the polarization curve®, despite preliminary
theoretical work suggesting the contrary.®® These differences suggest an alteration to the
pore distribution in the catalyst layer, with increased mesoporosity associated with
increased ECSAs and a reduction in mass transport losses both experimentally and by
simulation on reconstructed catalyst layers by FIB/SEM studies.100-104

Additionally, annealing of PFSA-based MEAs via hot-pressing post-deposition has
been demonstrated to have a significantly negative effect on both reproducibility and
potentials achieved in the Ohmic and mass transport region. The effect is commensurate
with the time and intensity of the annealing process. This calls into question methods

incorporating a high-temperature thermal annealing or ‘baking’ step.%:10°

28



The question whether cracked electrodes have a positive or negative effect on CL
transport properties and durability remains an actively investigated question, albeit one
where evidence increasingly points to the negative, and all three of these methods find
application in commercial MEA production. Ultimately, it is beyond doubt that shorter
solvent residence times alter the microstructure of resultant catalyst layers more than

heating temperature or deposition method.

1.3.3. Supported Catalyst

The major concern in catalyst development is attaining high catalyst activity and
high catalyst stability. Peak mass activity occurs around 3 nm particle diameters; however,
smaller diameter particles are more susceptible to processes that alter and degrade
catalyst layers, including particle transport, re-deposition, and Ostwald ripening.'®® As a
result, Pt/C electrocatalysts used industrially employ larger Pt nanoparticles and catalyst
supports than would result in the highest possible initial mass activity as a trade-off for
increase lifetime. For instance, the representative TKK10e50e electrocatalyst comprises

~7 nm Pt nanoparticles supported on larger ~25 nm particles of graphitized carbon.

Even when carbon support is equal to or less than the mass of the metal
electrocatalyst, carbon represents the large volume of the catalyst layer due to its
comparatively low density. Carbon particles are typically far larger in diameter as well,
thereby determining the overall free space between particles as layers form, the ‘void
space,’ ultimately becoming the primary determinant of electrode internal volume. High
void space increases total reactant gas and water transport through the electrode, the
mass transport of which provide two critical limitations to the achievable activity of a fuel

cell device.

However, conductive supports enhance the electronic conductivity of the resultant
catalyst layer, particularly after the inclusion of electronically insulating ionomer, and
thinner layers result in an overall lower electrical resistance of the catalyst layer. As a
result, varying the wt% Pt of the supported catalysts results in substantially different
catalyst layer volumes for a given catalyst loading. Thick electrodes (e.g. >10 um) increase
electronic losses as well as ionic losses within the catalyst layer (see 1.3.1). The overall

electrode volume also plays a role in cold-start effectiveness. %109
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The chemical properties of a catalyst support also affect both the short and long-
term operation of a fuel cell, strongly affecting the formation of the triple-phase interface
(electrocatalyst, protons or hydroxides within the ionomer, and reactant gas — see Figs.
1.1 & 1.2) and long-term chemical stability of the electrodes, especially at the anode.%6:11°
Carbon blacks and graphitized carbon are the two most common, commercially available
catalyst supports, and these offer variations in the connected parameters of
hydrophobicity/hydrophilicity, conductivity, long-term oxidative stability, and porosity.
Porosity is expressed by BET surface area, which can vary from <10 to >2000 m?/g and
strongly affects water sorption and fuel cell activity.53190111 Sijgnificant research is
presently ongoing towards developing more stable carbon structures or entirely metal-
based catalyst supports where catalyst degradation modes can be mitigated by
electronically or physically enhanced catalyst-catalyst support interactions, or even
physical encapsulation.t2-116

1.3.4. Nano-Structured and/or lonomer-Free Catalyst Layers

The reduction of Pt-content and the goal of reducing kinetic losses related to
catalyst activation has inspired research into several types of ultra-thin, nano-structured
catalyst layers, which may or may not contain ionomer. The real goal of both catalyst
development and catalyst layer development is to achieve a high specific power, the
power density per unit precious metal rather than reaction rate — kW-g* with respect to
platinum, at an operationally relevant potential, i.e. 0.6-0.8 V. The archetypal example is
the nano-structured thin film (NSTF) catalyst layers produced by 3M. These are extremely
thin (from 1 pm to below 0.5 pm). While low in electrochemical surface areas comparted
to conventional Pt/C electrocatalysts, ~20 vs. ~60 m?-g* Pt, 3M’s NSTF maintains >5x the
specific activity, which ultimately translates into an improved mass activity with respect to
precious metal content. NSTF supports possess a highly porous, anisotropic structure that
consists of a nano-forest comprised of lath-shaped, crystalline whiskers formed by
annealing crystals of the organic dye perylene red. This structure allows for extremely high
mass transport compared to traditional catalyst layers. Creating well-formed, enduring
interfaces and resolving the requirement for higher fuel cell humidities that these CLs

typically exhibit remain research foci. While typical NSTF CLs contain 3Mion as ionomer,
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many other thin film type catalyst layers' have been theorized and produced in an attempt
to achieve maximal mass activity of the precious metal catalyst or for fundamental

Studies 67,117-123

Theory compellingly suggests ionomer-free ultra-thin films may result in highest
possible activities from PGM content in the catalyst layer. The regular structure of these
catalyst layers has, in combination with modelling, enabled the probing of fundamental
guestions of catalyst layer transport properties that were previously very difficult to
delineate experimentally with irregularly structured electrodes.?%124

1.4. Considerations in MEA Construction

1.4.1. Interfacial and Morphological Effects

As described previously, a membrane-electrode assembly (MEA) is comprised of
a membrane, two electrodes, and two gas-diffusion layers, typically with microporous
layers. Several methods exist for forming MEAs, depending on the method of forming the
GDL-electrode and electrode-membrane interfaces, including gas-diffusion electrodes

(GDEs). All of these techniques may be accomplished with or without hot-pressing.

Catalyst-coated membranes (CCMs) refer to the direct deposition of the catalyst
ink onto the membrane, with subsequent addition of GDLs. The membrane-electrode
interfacial resistance is the largest interfacial resistance in the cell, thus the CCM approach

is considered the most effectual in lowering overall resistances.

Decal-transfer of an electrode formed on another substrate may also be used to
form CCMs or GDEs. This may be beneficial to consistency and scrap rate versus the
GDE approach and prevents potential membrane damage and processing issues caused
by the CCM approach, but removes the lower interfacial resistances achieved by either
the CCM or GDE approach.

i Thin filmtype CLs are described in many ways, for instance extended thin film catalyst layers,
ETFCLs; alternating catalyst layer structure, ACLSs; or ultra-thin catalyst layers UTCLS)
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Hot-pressing is generally coupled with the GDE and decal-transfer methods of
MEA formation, and occasionally with CCMs. It may improve power densities when
catalyst layers are formed with low mesoporosity'?® or using ionomer with innately poor
properties and/or quantities unsuitable for the formation of high electrocatalytically active
surface areas (see 1.2.3).126 However, hot-pressing anneals catalyst layer microstructure
and reduces ECSA, and even its consistent, regulated use results in increased mass-
transport losses; in addition to these losses, this also results in substantially increased
variability cell-to-cell, of profound importance to the discovery of structure-property
relationships in situ operation and thereby the field of materials discovery for fuel cells as
a whole.®® While some compression is necessary in stack loading to balance the loss of
oxygen diffusion in the GDL with the improved interfacial resistances between
components, simple compressive stress is not accompanied by ECSA loss, and this
balance may easily be achieved by rational selection of gasketing.!’® Thus, the CCM
approach without hot-pressing is presently considered the state-of-the-art construction,
resulting in consistent operational and achievable current and power densities mirroring

industrial reference data.

The direct membrane deposition method (DMD) has recently been rediscovered
by academia.’®” This involves the creation of a GDE and subsequent deposition of a
membrane on top of this, the initial method being highly regulated piezoelectric inkjet
printing. This method creates a new membrane-membrane interface and requires the use
of a sub-gasket between layers to prevent gas and electrical crossover around the edges
(see Fig. 5.1). However, this method also improves both the electrode-MPL and
membrane-electrode interfaces, reducing the resistances attributable to these. The net
result is a large improvement to achievable power densities, with preliminary results
suggesting an additional improvement attributable increased water transport through the
membrane. This approach eliminates the need for membrane casting, allows for easily
varied membrane thicknesses, and allows for the comparatively facile addition of additives
and reinforcements to any or all layers. This general approach was initially attempted by
researchers at Gore in the 1990s and ultimately abandoned due to high scrap costs —
membrane defects result in catalyst being discarded, unlike in other approaches — but the
large gains in the quality control of gas diffusion layers since then alongside large
improvements in the understanding of system water management in relation to high-

activity electrocatalysis amply warrant further research into this method.
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1.4.2. In Situ Effects of Reducing Precious Metal Content in PEMFCs

A significant push within solid-state materials chemistry has been the development

of low precious metal content, no precious metal content, or no metal content altogether.

Reducing catalyst loading in catalyst layers increases kinetic losses, exacerbated
by oxygen transport resistances; the most consistent current explanation for this
phenomenon is that increased mass activity contributes to local ionomer solubility, that in
turn increases overall film transport resistances,?®-132 more than counteracting increases
to ECSA and overall mitigating achievable mass activity.!!® Thinner catalyst layers slightly
reduce Ohmic losses due to lower bulk resistance of the CLs but also result in earlier and
more severe water transport losses (see Appendix C).

As a result, thicker but high metal content catalyst layers are preferable to achieve
high mass activities with respect to PGM content alone, where highly active but more
dispersed reaction sites are desirable. The present strategies employed involves alloying
platinum with other platinum-group metals (PGMs) to improve catalyst function and/or
stability, creating non-PGM alloys such as with cobalt, the present industrial preference,
or using either of these two general strategies but forming core-shell or more exotic non-
random configurations of alloyed nanoparticles.120133-135 Ajtogether, both catalyst and

ionomer design is necessary to address the challenge low Pt loading present.'?

Another focus of the field has been on doping graphene or carbon nanotubes
(CNTSs) to create non-PGM catalysts'*¢-13° or entirely non-metal catalysts!® to reduce the
effect of thickness, but stability data is under-reported and the only known
commercialization of this technology is by Ballard Power Systems & Nisshinbo, presently
incorporated into low-spec power systems for applications where atmospheres may
become heavily contaminated with NOx or SOx, such as in remote detection systems for

volcanology.

MEA design has been altered to accommodate lower loadings; thinner membranes
allow for greater water back-diffusion and lowered ionic resistance, compensating for the
greater activities and concomitant greater water produced as a fraction of CL free volume
(see Appendix C). The general measure of turnover per Pt in the catalyst layer as a whole
is called Pt-efficiency, and is typically reported in kW/g Pt or occasionally its reciprocal, g

Pt/kW; the 2020 DOE target corresponds to 8 kW/g in air. Significant efforts in exotic
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catalyst layer deposition methods,'*14® reached 35 kW/g Pt, while application of the
‘direct membrane deposition’ method as developed in chapter 3, which features
enhancements to water transport and interfacial resistances, resulted in 88 kW/g Pt using
commercial electrocatalyst and a catalyst layer fabrication process already adapted for

mass-production. 44

1.5. Objectives of this Research

Using characterization methods described in Chapter 2, the objectives of this research are

to:

1) Explore the interrelation of catalyst layer composition, microstructure, and transport
properties for catalyst layers incorporating hydrocarbon ion-exchange membranes as
ionomer in the catalyst layer through physical and electrochemical characterization for
both PEM- and AEM-based systems. This objective is addressed in Chapters 3 and 4,
respectively.

2) Examine the effect of catalyst ink composition on catalyst layer microstructure in the
context of the industrial standard method of catalyst layer deposition. Specifically, the
effect of high-boiling solvents on the microstructure and on the in situ conductivity of spray-
coated catalyst layers were investigated for both PEM- and AEM-based systems. This

objective is addressed in Chapters 3 and 4, respectively.

3) Investigate a new fuel cell architecture that maximizes water transport and
minimizes interfacial resistances to the point where long-lived, high-efficiency (i.e. low fuel
and electrical crossover) fuel cells are obtainable. Developing consistent methods suited

to mass production is address in Chapter 5.

34



Chapter 2. Methods

2.1. MEASs In Situ

2.1.1. Operating MEAs as Fuel Cells

The standard operational conditions for PEMFCs at the 5 cm? research scale are
80 °C and Hy/air, 1.5-2 atm backpressure, and high gas flows. This size is standard for
laboratories focused on materials discovery. While high gas flows may result in
stoichiometries greater than 20 across the entire polarization curve, this nevertheless
mimics optimized, well-manifolded full systems near stoichiometries of 1 — i.e. where
reactant gas inflow is equal to its use across the active area, particularly of importance to
the hydrogen-reacting anode — as the stoichiometries across the majority of a large
surface maintain a ratio much greater than 1. Not all of these conditions are ideal
conditions for conducting research on new materials, especially the use of backpressure.
Replacing the cathodic air feed with oxygen is a generally accepted substitute for
backpressure, allowing operation at relevantly high current densities without the need for
whole-system optimization of heat and water flux, alongside faster cell conditioning (see
below).

Backpressure increases achievable power densities by improving ORR kinetics
due to the higher partial pressure of oxygen at the active site. Backpressure additionally
reduces membrane swelling, improving the conductivity of the membrane. Together, this
results in reduced kinetic losses and an extended Ohmic region, substantially increasing
achievable current densities together with improved efficiency at a given current density
and a higher maximum achievable power density. However, backpressure causes water
management issues and resultant hysteresis at high RH. Furthermore, any differential will
exert added mechanical stress upon the membrane. As a result, zero backpressure makes
100% RH the idealized conditions for all common IECs of PFSAs (0.9-1.1 meq-g?),
allowing for highly consistent comparison between cells employing non-PFSAs in the
catalyst layer and/or membrane or otherwise altered cell construction, all without the need
for extensive optimization of RH and backpressure to achieve a fair comparison to the

reference.
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Temperature also plays a large role in fuel cell kinetics; while higher temperature
reduces theoretical OCV marginally, improvements to ORR kinetics and reductions to the

effects of CO poisoning vastly outweigh this consideration (see 1.2.1). However, in PFSA
references, several issues result above 80 °C. A PFSA will creep at an operational

temperatures above its T4, causing membrane thinning and a resultant decrease to cell

lifetime, among other issues. Second, water management requires increased fine-tuning
as the temperature approaches 100 °C under zero backpressure; high relative humidities

under these conditions result in water vapour constituting a significant proportion of the

atmosphere.

Finally, PEMFCs reach a meta-stable steady-state polarization, a process
commonly known as ‘conditioning,” ‘ significantly faster under an oxygen atmosphere. In
the case of reference PFSAs, a PEMFC running under oxygen at zero backpressure will
typically obtain current densities and efficiencies equal to or slightly higher than in air under
2 atm, attributable to the higher partial pressure of oxygen obtained under these
conditions. However, attaining high current densities without backpressure better probes
water management while removing the effect of backpressure on water management.
Thus, operation in oxygen at 80 °C provides a fair approximation to industrially relevant
conditions with the benefits of added consistency between cells. Operation in air at zero
backpressure provides minimum values to attainable current densities and may serve to
corroborate differences in structure-property relationships of ionomer in the catalyst layer,

particularly related to oxygen permeability.

2.1.2. Gasketing & Compression

Compression in the 100-500 kPa range is the ideal compression of a fuel cell stack,
corresponding to a 20-30% compression of a typical commercial GDL. Compression in
this range balances the reduction in oxygen diffusion and water transport through the gas
diffusion layers with the decreases to the two GDL interfacial resistances that result as
stack compression increases.'® While gasket choice gives a theoretical compression of
the gas-diffusion layers, the pressure achieved experimentally may be determined easily

by the use of pressure-sensitive film of the appropriate range.
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Figure 2.1:  Setup of afuel cell including: a.) a gasketed MEA before second flow
field, current collector, and hardware addition + compression; b.)
pressure paper demonstrating sufficient compression of the GDLs
(dark lines following flow fields ridges but not connecting); c.)
resultant fuel cell in operation on the fuel cell test station.

Gasketing methods and materials are unimportant for short-duration fuel cell
operation so long as these seal adequately and do not flow under the temperature regimes
studied. However, gasketing methods and material choices exert a substantial impact on
cell lifetimes both at the research scale and in real use. Imperfect sealing results in micro-
crack formation near the gas inlets.!*® Importantly to the acceptance of hydrocarbon
membranes, recent work has shown the disproportionate impact of soft gasketing and
particularly soft GDLs to the lifetimes of hydrocarbon membranes under humidity cycling,
the accelerated stability test for the mechanical durability of a membrane; block copolymer
SPEEK, a fully hydrocarbon membrane with greater swelling and reduced relevant
mechanical properties such as elongation at break than reference PFSAs, exhibited
lifetimes on par with reference PFSAs.*’ State-of-the-art methodology is to employ
chemically robust, high-temperature self-adhesive gaskets, such as polyimides with
silicone adhesives, slightly overlapping the catalyst layer.

2.2. In situ characterization of membrane and catalyst layer

For the understanding of new materials, it is vitally important to study new materials
in situ as the constitutive elements of full fuel cells in half-cell and full-cell setups. Ex situ

data gives an idea of how materials will perform in relation to an already-known materials
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set, but the use of ion-exchange materials in electrochemical systems represent a
confluence of many factors and parameters that cannot be directly measured ex situ. As
a result, in situ data is necessary to accurately determine the impact of new materials on
device lifetime and efficiency. In situ work measures properties in an environment
substantially more consistent with that intended for them and also allows for many forms
of characterization otherwise impossible. lon-exchange membranes are dynamic in
operation and the system ‘conditions’ with time, so in situ methodologies are the only
mechanism for studying fully conditioned materials, the properties of which may vary to
those determined ex situ, in some cases substantially. This is particularly relevant in the
case of AEMFCs, where even the most standard characterization methods on a
membrane in the hydroxide form are challenging to manage successfully due to carbonate
contamination caused by exposure to air, a process effectively irreversible apart from
operating the cell in situ.
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2.2.1. Polarization Curves (IVs) and the Need for Steady-State Data

1.23 V, theoretical reversible potential
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Figure 2.2:  Nafion® 211 and 212-derived polarization curves illustrating (top to
bottom); i.) losses between the theoretical reversible potential and
effective open-circuit voltage caused primarily by fuel crossover and
mixed currents with potential but generally insignificant losses from
electrical shorting and catalyst poisoning or impurities; ii.) losses in
the kinetic region from catalyst activation; iii.) Ohmic losses
attributable to membrane resistance — compare 25 pm N211 and 50
pm N212, the latter with close to double the total membrane
resistance as well as N211 and ‘corrected’ data for Ohmic losses (see
2.2.2); iii) mass transport losses mainly attributable to oxygen
starvation exacerbated by cathode flooding and anode dehydration,
most noticeable in N212.

Polarization data may be measured with an operating fuel cell, either by
incrementally setting current densities and measuring potential (the preferred method in
this work, which better resolves the Ohmic and mass-transport regions and compares
points of equivalent reaction rate among a data set) or by incrementally setting potentials
and measuring current (potentiodynamic polarization). A minimum of five minutes per
point is necessary at current densities from the Ohmic region to equilibrate to water
content through the CL, MPL, and GDL, compellingly demonstrated with in operando
synchrotron XRD experiments on PEMFCs. ¢ While this results in a large increase in time
per polarization curve, this is necessary to reach steady state and accurately probe the

ability of a given MEA to manage water under the stated conditions.
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For AEMFCs, water management is significantly more critical. Twice the number
of water molecules are transported per electron generated as in PEMFCs (Equations 1.3
and 1.4); water is a reactant at the cathode, compounding the issue of dehydration by
electro-osmotic drag; and the hydration state of membrane and ionomer strongly influence
their chemical stability. AEMs are not stable when dry in their hydroxide form, susceptible
to hydroxide attack when low A-values reduce the hydroxide-to-functional group distance
and to rapid carbonation.!*” Even given materials with excellent alkaline stability,
carbonation would preclude processing MEAs in hydroxide form. Additional complicating
factors include the necessity of conversion into the hydroxide form, the significantly greater
effects of both cations and anions on the ORR and HOR in alkaline media.4814
Conversion of MEAs into hydroxide form after they have been formed leads to integration
of MEAs while wet. In situ, this potentially results in an early hydroxide-doped state before
steady-state operation may be achieved. In the literature, the length of time holds at a
given current density or potential are often short, not clearly reported, or not reported at
all. If no steady state results are reported, either through long hold times or repeated IVs
on a given MEA, the accurate comparison of AEMFC data between studies is rendered

impossible.

2.2.2. Membrane conductivity — Internal resistance (iR) from current-
interrupt and iR-corrected IV plots

The combined hardware electrical resistance and polymer electrolyte resistance,
known as iR drop, is determined in situ by one of two methods, the current-interrupt
method or high-frequency resistance. In the current-interrupt method, the circuit is briefly
interrupted, on the order of 20-200 us, the instantaneous measured AV (increase) / Al
(decrease) equals AR, equivalent to the high-frequency resistance (HFR) found by EIS —
both techniques effectively short polarization but not membrane/ionomer resistance in so
doing. The difference between these techniques is that the HFR accurately measures
resistance at lower current densities (e.g. mid-kinetic region). The frequency response
analyzer (FRA) that finds HFR is also useful for determining in situ polarization resistance
and other outputs of EIS analysis. As a result, in-line FRA is typically included instead of

a current-interrupt system in contemporary fuel cell test equipment.**®

Additionally, correcting for non-MEA resistances in a fuel cell is necessary to find

in situ membrane/ionomer conductivity. Hardware and GDL resistance in relevant
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conditions to fuel cell operation may be found, and thereby offset in analysis, by finding
the HFR of a fuel cell setup without the CCM and gasketing to ensure GDL compression

equivalent to that in a full setup.

Polarization data occasionally has the measured voltage loss to iR added back in
(described as ‘iR corrected’ or ‘iR free’ polarization data) to highlight polarization curves
independent of membrane resistance and mass-transport. This approach may be helpful
in non-optimized systems, particularly when mass transport resistances start early for one
cell versus another due to overall water transport issues at high humidities; i.e. this is an
eminently surmountable problem that isn’t particularly of scientific interest. Operational
conditions and every component, most importantly the GDL, have been optimized to PFSA
membranes. However, corrected polarization curves are frequently misused to minimize
the perception of negative impact where membranes more highly resistive than current
standards have been employed. This is especially problematic with AEMFCs, where no
clear standard material set or performance exists as a baseline at present. As a result,
rationale for the inclusion of corrected data must be spelled out clearly in every instance

or the overall effect is misleading.

2.2.3. Lifetime — Accelerated Stress Tests (ASTs)

As fuel cells may operate at an acceptable efficiency for an order of magnitude or
more longer in ideal conditions than in start/stop operation, accelerated stress tests have
been developed and continuously updated to match industrial data for real lifetime tests;
the current trend is towards combined a chemical/mechanical degradation test for the
membrane, which can be performed on new, automated systems enabled with automatic
RH, gas, and even backpressure switching. Combined chemical/mechanical stress tests
have less bearing at a materials discovery level, where chemical degradation is a
fundamental albeit improvable with additives but mechanical strength may be enhanced
using various reinforcement strategies. Thus, these two parameters ought to be tested

separately at the early research scale.

However, for membranes designed to scale from the larger research scale (e.qg.
25-100 cm? and greater), combined testing should be performed. Contemporary fuel cells
rely heavily on additives to enhance the chemical and mechanical stability of the

membrane and catalyst layers (among other properties such as hydrophilicity), so a
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combined stability test is intended to allay the optimization of one parameter at the
expense of the other. Real in situ degradation modes cannot be simulated in ASTs, hence
the need for continuous improvement of AST methodology and correlation between ASTs
and real use-case data. For instance, platinum banding caused by CL degradation may
exert a positive effect by blocking fuel crossover, and some events in real systems such
as Cerium migration and freeze-thaw cycles can result in problems, e.g. water-based
mass transport losses, that are difficult to simulate in accelerated tests. Cerium-based
additives and other radical traps both inorganic and organic have been extremely effective
in increasing fuel cell systems lifetimes, including in ASTs, and this has lead to overly long
ASTs. As a result, a heavy accelerated stress test (HAST), intended for use on fully
reinforced and additive-enhanced systems, has recently been developed.151-153154

ASTs for electrocatalyst and electrocatalyst support remain separate. GDL
degradation, while industrially important, does not have its own DOE-defined AST. GDL
stability is likely too interlinked with the membrane and electrocatalyst/ionomer system
(e.g. membrane degradation products or long-term electrode volume) to be effectively

separable into a predictive test for absolute lifetime in situ.

For materials discovery, several levels of accelerated stress test exist — the first is
the Fenton test, an ex situ test for membrane chemical stability that primarily represents
a test for radical stability — an iron metal catalyst and peroxide are mixed, acting as a
peroxy radical generation medium (see 1.2.1 for standard conditions in acid and effect on
Nafion). Mass loss versus time acts as a measure of relative stability. In this test,
hydrocarbon-based membranes typically fare poorly compared to PFSAs, and as a result
very few hydrocarbon membranes and even fewer fully hydrocarbon systems have been
subjected to further ASTs. Hydrocarbons have profoundly positive environmental and
economic considerations relative to PFSAs (e.g. SPEEK as an exemplar hydrocarbon
exhibits a >5x lower cost floor and greater than order of magnitude decrease in energy
use compared to Nafion)'®® but higher resistances leading to lower achievable power
densities, industrially difficult-to-use processing solvents, and limited lifetimes -
particularly a result of brittleness caused by chemical degradation on top of innate
chemical properties such as higher crystallinity than Nafion and lower elongation at break
— the outlook for the adoption of hydrocarbon membranes in real systems looked poor
until very recently. According to recent presentations by researchers at Toray Industries,

Inc., hydrocarbon membrane systems do not exhibit platinum banding, unlike PFSA-based
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systems. This may indicate a protecting effect on electrocatalyst. Also, when inculcated
with organic radical scrubbers, Toray’s exhibit equal in situ lifetimes to Nafion HP (ePTFE
reinforced, 20 pum membrane), while maintaining comparable efficiencies.'®¢1%’ Lower gas
transport of hydrogen has been reported extensively in the literature, but lower nitrogen
crossover results in greater total hydrogen use in real, air-breathing systems where
hydrogen is recirculated rather than operated at a stoichiometry of 1. Two new generations
of hydrocarbon membranes — containing structural motifs for desirable properties including
either protected ether groups or ether-free architectures — are of significant current
research interest. While enhanced lifetimes in the Fenton test are limited to the latter
category, ASTs performed on both types of systems have progressed from promising to
extremely promising as a future PEMFC membrane standard for enhanced system

lifetimes and efficiencies.’>81158-162

2.2.4. Gas crossover and shorting — Chronoamperometry (CA) and
Linear Sweep Voltammetry (LSV)

Fuel crossover (hydrogen crossover) from anode to cathode results in direct
reaction in the cathode catalyst layer. Depolarizing the cathode under nitrogen and
applying a potential re-purposes the fuel cell cathode catalyst layer as an anode for the
HOR, and the rate of this reaction quantifies the rate of crossover.

The most common method of determining fuel crossover is through
chronoamperometry, Figure 2.3, where polarization occurs in 100 mV increments, causing
an initial Faradaic reaction tapering to the steady-state HOR. Crossover is typically
measured as the steady state current density at 0.5 V, i.e. with the electrode fully activated,
in the following work taken experimentally as the average of all points from the initial

minimum or last % of points taken at that potential.
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Figure 2.3:  Chronoamperometry diagram showing current density for Faradaic
(spikes) and crossover (steady-state) versus time for the potential
ramp at 100 mV increments from 0 to 0.6 V as shown (inset).

The combined chemical/mechanical AST requires the determination of electrical
shorting by the application of a potential across the membrane, but few papers beyond
those performing this AST perform a check for shorting, and in fact many papers at the
materials discovery level skip this portion of the AST. However, it is important to determine
whether electrical shorting is a source of voltage losses in a given fuel cell setup. This
could be determined as the slope of the averages between the later steps of a CA, but in
practice this is far easier and more compellingly determined by linear sweep voltammetry
(LSV). LSV does not determine a steady-state crossover value and as a result over-
approximates crossover, but does readily determine the presence or absence of electrical

shorting, Figure 2.4.
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Figure 2.4: Linear sweep voltammograms, the technique notable for initial
hydrogen desorption followed by a current density minimum
approximating the steady-state hydrogen crossover, with examples
illustrating a.) a low-crossover fuel cell with a minor electrical short
(highly linear slope from minimum following V = iR); b.) a moderate-
crossover fuel cell free of electrical short.

2.2.5. Electrocatalytically Active Surface Area (ECSA) and Double
Layer Capacitance (CpL) — Cyclic Voltammetry (CV)

In cyclic voltammetry, a nitrogen-depolarized cathode with inert gas flow over the
cathode will reversibly reduce and adsorb hydrogen in close to equal quantities. Using
established parameters for Pt surface area, ECSA may be calculated from the current
passed to generate the hydrogen adsorption and desorption peaks (Fig. 2.5 — see also
Chapters 3 & 4). The differences between Hags and Hqes are small and replicable across
multiple cycles, leading to acceptably small error bars in practice. Double-layer
capacitance relates to the current difference between the forward and reverse cycles in

regions where no Faradaic reaction is occurring (e.g. 0.35 to 0.65 V in acidic conditions).
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Figure 2.5:  Cyclic voltammograms (CVs), current against potential vs. RHE, in a.)
acidic and b.) alkaline conditions with Hais and Hges as illustrated;
double-layer capacitance was considered to relate to half the distance
between the minimum potential on the forward wave and maximum
potential of the reverse wave in the non-Faradaic region ~0.3-0.6 V.
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While in situ CVs are certainly the most facile method to determine ECSA, some
experiments require a higher degree of accuracy. In particular where there is a desire to
guantify catalyst poisoning or the performance of electrocatalyst under non-ideal
conditions (e.g. in an environment other than the standard 100% RH, 80 °C), CO
displacement has been proposed as a highly consistent method of measuring the
adsorbed ions on the Pt surface. Furthermore, CO adsorption doesn’t require proton or
water transfer to catalytic sites. As a result, it has been shown to be RH-independent
experimentally and may be considered the most consistent method of determining
ECSA.1%

Pt nanoparticles in the standard Pt/C employed in these experiments have a
nominal diameter of 5 nm reported, giving a theoretical maximum ECSA of 56 m?.g* Pt
for spherical nanoparticles (see Appendix C). However, ECSAs are frequently measured
in the literature greater than this, and for references in Chapters 2-4, suggesting both high
overall surface activities and that the initial conditioning/aging process increases active

surface area in the early stages of fuel cell lifetimes.

2.2.6. Proton Conductivity of the Catalyst Layer and Other Transport
Resistances — Electrochemical Impedance Spectroscopy (EIS)

A frequency-response analyzer (FRA) may perform electrochemical impedance
spectroscopy (EIS) on fuel cell systems in operation or equilibrated under nitrogen. EIS is
a powerful technique that if considered simply, can be used to determine cathode
activation and mass transport losses in a fuel cell system as well to as validate the Ohmic
losses found in in situ operation, and with more detailed analysis determine anode
activation losses; given a highly stable and well-shielded system, anode activation losses

and both anodic and cathodic exchange current densities may be determinable.

The Nyquist plot (Fig. 2.6b) is a plot of the imaginary vs. real components of
impedance, with the x-axis representing resistance. This is the standard, most common,
and most accessible representation in the study of fuel cells. As the cathode comprises
the lead non-membrane resistance in a fuel cell, a Randles circuit is used as an equivalent
circuit model for curve fitting (Fig. 2.6a, top), with the constant-phase element (non-ideal
capacitor) and resistor together representing CL impedance, and the system resistor

representing the sum of membrane, GDL/MPL, flow field, and current pickup resistances
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as the x-intercept, known as high-frequency resistance, HFR. The low-frequency
resistance, LFR, is the x-intercept of a line fit to the low frequency data when equilibrated
under nitrogen (in operational conditions, this represents the sum of charge transfer and
oxygen transport resistance). The Randles circuit fits the semicircle related to cathode
resistance, while more sophisticated models fit a Warburg element to model oxygen
diffusion (Fig. 2.6a middle), and even more sophisticated models add elements for contact
resistance and anode (Fig. 2.6a bottom).

However, in experimental studies on fuel cells with a focus other than EIS theory
or methodology, curve fitting is onerous and difficult to reproduce in multiple analyses of
a given measurement, leading to potential large and difficult to quantify errors in
determined data. As a result, a simplified method may be employed to determine the
charge-carrier conductivity of ionomer in the catalyst layer, the data most of interest with
respect to characterizing ionomer in the catalyst layer in situ, by considering the horizontal
distance, i.e. resistance, between the HFR and LFR intercepts as 1/3" of the total
resistance of the cathode catalyst layer. This ultimately determines the charge-carrier
conductivity of the ionomer in the catalyst layer according to accepted theory.164165 While
this method is simplistic compared to equivalent circuit modelling, it is highly reproducible
across a large range of experimental conditions even with a system of limited stability as
with AEMFCs (see Table 4.5) and instrumentation with relatively high noise and
inductance causing a limited frequency window (e.g. 10-10,000 Hz) as was employed in
Chapters 3 & 4, compared to the high stability and highly shielded instrumentation required

for membrane impedance (i.e. < 1 Hz to > 10° Hz).
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a.) Basic equivalent circuit models used for EIS analysis in the

literature including i.) simplified Randles Circuit with a constant

phase element for

a real capacitor; ii.) inclusion of inductance and

Warburg impedance elements; iii.) inclusion of contact resistance
and simplified anode impedance; b.) Equivalent Nyquist plot derived
from EIS dataillustrating the high-frequency intercept (HFR, blue) and
low-frequency intercept by linear fit of low-frequency data (LFR).
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2.3. Ex situ characterization of catalyst ink & catalyst layer

2.3.1. Catalyst Ink Composition by DLS, SAXS, & SANS

lonomer dispersions are complex structures, forming micelles ranging from
spherical to lamellar depending on the ionomer-solution interactions. Solvent interactions
with the ionomer determine the properties of ionomer films cast out of solution. Solvent
mixtures resulting in phase-inversion create asymmetric, porous films, while highly

solvating solvent mixtures result in dense, cohesive thin films forming.6®

A catalyst layer is further complicated by the addition of catalyst nanoparticles
further complicates the interaction in the catalyst/ionomer dispersion, or ‘catalyst ink,” with
ionomer-ionomer and ionomer-supported catalyst interactions occurring simultaneous to
supported catalyst-supported catalyst aggregation. Dynamic light scattering (DLS), small-
angle X-ray scattering (SAXS), and small-angle neutron scattering (SANS) are
increasingly methods of determining these interactions. DLS captures back-scattered
lasers and from perturbations in the predicted Brownian motion of a particle-free solution
determines average particle sizes as their solvodynamic radii, however accuracy requires
greater dilution than generally present in catalyst inks. SAXS (the through-solution version
of GISAXS, as described below) and SANS (a better-resolution but experimentally more
difficult techniqgue) may determine both particle radii and ionomer cluster size within a
catalyst ink. Aggregate size in solution interacts with the catalyst ink deposition method

and substrate temperature to determine the catalyst layer microstructure,100.167.168

2.3.2. Imaging Catalyst Layers — Optical, SEM, EDX, ICP-MS GISAXS

Several imaging techniques exist for catalyst layers, roughly grouped into two
families. The first is feature-based imaging, including confocal optical imaging (e.g. for
determining cracking or other macroscopic features), imaging by electron microscopy
(SEM), and focused ion beam sectioning and algorithm-based reconstruction (FIB-SEM).
The second family is composition-based imaging. Energy dispersive X-ray spectroscopy,
EDX, (see Fig. 1.3 for a simple line-based tracking of fluorine, platinum and sulfur in a 5-
layer MEA). This technique is based on an added detector to SEM systems that captures

back-scattered, non-Auger electrons. Laser-ablation inductively coupled mass
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spectrometry (LA-ICP-MS) subjects small clusters of atoms ejected by the rastering of a
high-energy laser across a surface to analysis in an ICP-MS system. Finally, grazing-
incidence small-angle and wide-angle spectroscopy (GISAXS/GIWAXS) provides the
most common composition-focused imaging technique for fuel cell ionomer-substrate

interactions.1%°

Of these techniques, most are well-documented and result in relatively
unequivocal data. For example, optical imaging and SEM gives a non-quantitative but
adequate sense of catalyst layer microstructure and macrostructure, respectively,
particularly when viewed in three dimensions. EDX mapping is powerful as a reverse-
engineering technique and to determine the effects of aging. FIB-SEM and GISAXS are
the exception — these techniques potentially lend great insight into the ionomer-catalyst
interactions within a fuel cell catalyst layer or the CL-MPL or CL-membrane interactions
without, and are both intensely used and intensely scrutinized in contemporary literature.

FIB-SEM sections and reconstructs catalyst layers, turning SEM into a semi-
guantitative method and complementing or even potentially replacing porosimetry
techniques for the determination of catalyst layer microstructure. The sectioning itself is
straightforward, but the difficulty lies in the reconstruction of the catalyst layers
themselves. FIB sectioning is a high-energy technique to which soft materials are being
subjected to, so the cuts are not necessarily clean, and algorithms are necessary for the
statistical reconstruction of the fit between sections. Although SEM is conducted under
high vacuum, i.e. with dry ionomer unlike in real fuel cell operation, new techniques may
allow the modelling of water saturation and resultant gas permeabilities and mass

transport properties of the catalyst layer.?2:59:102,137,170-172

GISAXS uses soft X-rays from synchrotron facilities and can image the in situ
operation of fuel cells, which dynamically provides a map of both features and
compositions to a <10 nm resolution (~1.5-100 nm for SAXS, ~0.3-5 nm for WAXS), and
is capable of probing the morphologies of very thin < 10 nm ionomer films in a catalyst
layer, and is an effective technique to image this as a function of relative humidity. The
‘grazing incidence’ is used to minimize the impact of substrate on the resultant data.
GISAXS data is very difficult to interpret; a common interpretation of the ‘ionomer peak’
found in this technique is the average spacing between water domains (e.g. proton-

conducting channels in a PEMFC) and includes a measure of their orientation,
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morphological properties, and hydrophobicity, potentially providing a quantitative measure
of nano-phase segregation in a given film including the confinement effects of ultra-thin
films; as a word of caution, interpretations of GISAXS data and similar have been hotly
debated for many years. The most compelling research is correlated with concurrent
measurements such as atomic-force microscopy (AFM), transmission electron
microscopy (TEM), or ellipsometry, to determine film stress/swelling and/or conductivity,

or molecular dynamics simulations,100:104.132,166,173-176

2.3.3. Porosity gradient — Mercury Porosimetry vs. Gas Adsorption

Catalyst layers form pores from the nano- to macro-scale. This is known as the
porosity gradient, which measured in terms of incremental volume or cumulative pore area
vs. pore diameter, and can be found experimentally by Brunauer-Emmet-Teller (BET)
porosimetry or mercury porosimetry.” BET porosimetry relies on achieving a high vacuum
over a catalyst layer and slowly feeding gas into the system and measuring pressure to a
high degree of accuracy. Pores in the CL will fill from small to large, and the amount of
adsorbed gas at a given pressure gives a measure of the total internal area of a given
pore diameter. Mercury porosimetry relies not on preferential surface formation but on
overcoming the repulsion of non-preferential surface formation. As a liquid metal at room
temperature, mercury has a high surface energy (more than 6x that of water) and requires
increasing pressure to wet smaller-diameter pores; resolving the internal area of < 10 nm
diameter pores require greater than 100 bar pressure, so the accuracy to which these high

pressures can be read leads to better resolution of the small microporous regime.

Both techniques have a theoretical minimum resolution between 2 and 6 nm,
depending on the system (determined by the lowest and highest pressures the system
can sustain, respectively), and maximum between 0.3 (BET) and 10 pm (Hg), although in
both cases resolution suffers in the low-vacuum measurement regime that resolves the
region above 0.1 um pore diameter. BET instruments are more common but suffer from
several additional disadvantages in the determination of catalyst layer porosities, including
very long pump-down times, especially for hydrophilic materials, more complicated theory
to correlate gas intrusion with surface area, and multiple options for gases (77K N is the

standard, but helium or other gases may be employed). The main drawback of mercury

v Mercury porosimetry is sometimes called mercury intrusion porosimetry, MIP.
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porosimetry is the rarity of the instruments resulting from the safety considerations
involving the handling of mercury, incredibly disproportionate for the minimal hazard its
use poses. High accuracy in high pressure / low pore diameter regime that resolves the
~15-50 nm pore diameter range is critical to the accurate determination of functional CL

microstructure (see also Chapter 4),110.119.167.177-182
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Chapter 3. Hydrocarbon Proton-Exchange
Membrane Catalyst Layers with Alcohol-Soluble,
Sulfonated Poly(arylene ether)s

*This chapter apart from the critical discussion has been published as peer-reviewed

research.18

Strong, A.; Britton, B.; Edwards, D.; Peckham, T. J.; Lee, H.-F.; Huang, W. Y.; Holdcroft,
S. J. Electrochem. Soc. 2015, 162 (6), F513-F518.

Individual contributions were:

AS: Experimental lead MEA characterization, initial draft

BB: Experimental second MEA characterization, data analysis, subsequent & final drafts
DE: Assistance in experimental aspects of MEA characterization

TJP: Detailed manuscript review

HFL: Synthetic work, ex situ membrane characterization & casting

WYH: Supervision of synthesis work

SH: Overall scientific supervision

3.1. Background

Perfluorosulfonic acid (PFSA) ionomers offer exceptional physical and chemical
stability for proton exchange membrane fuel cells (PEMFCs) as well as high proton
conductivity,** but are expensive, exhibit high gas permeability, and are of limited use at
high temperature and low humidity.® Hence, attention has focused on the investigation of
hydrocarbon-based solid polymer electrolytes for use as PEMs.'® Compared to PFSA
ionomers, there is a vast body of synthetic knowledge for material adaptation and a supply
of potentially low-cost chemical inputs available for the synthesis of hydrocarbon-based
analogues. However, while significant progress has been made studying hydrocarbon

solid polymer electrolytes as membranes,’®® there is comparatively very little
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understanding of their incorporation as ionomer.®® Studies on PFSA ionomer-based
catalyst layers have revealed the highly complex nature of the interactions between
ionomer, Pt, and the carbon support.19°18 The aggregation of PFSA ionomer in catalyst
inks and during the catalyst layer deposition process are believed to dramatically affect
proton, gas and water transport through the catalyst layer (CL). A similar impact is
expected for catalyst layers containing hydrocarbon-based ionomers. A previous report by
Peron et al., for example, demonstrated the influence of sulfonated poly(ether ether
ketone) (sPEEK) loading in the CL.*" In each case, sPEEK-based CLs were found to
contain smaller aggregated catalyst particles and smaller pore sizes than their PFSA-
based counterparts. In device testing, greater kinetic, Ohmic, and mass transport potential
losses were found for all SPEEK-containing electrodes.'8 On the other hand, interfacial
resistance between the PEM and CL was found to be lower.*® Many alternative
hydrocarbon ionomers have been studied and, while showing promise, have generally
proved inferior in performance to PFSA ionomer-based fuel cells.18%-192

Figure 3.1:  Structure of sulfonated P4c, showing potential sites for sulfonation.

In this work, sP4c (Fig. 3.1) is investigated as an ionomer in cathode catalyst
layers. Membrane properties are also investigated to determine properties relevant to this
study such as IEC, proton conductivity, and water sorption. sP4c is based on a backbone
structure that offers numerous monomer permutations while offering desirable physical
properties such as high thermal, mechanical, and chemical stability.!®®* The number of
accessible aryl sites for sulfonation provides a means by which the ion exchange capacity

(IEC) can be tailored.!®*1** The presence of —CF3; groups increases the stability of the
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polymer stability due to their positioning at and electronic protection of ether sites typically
susceptible to radical degradation pathways.**>1% The abundance of orthogonal aryl rings
in this type of structure leads to a larger than usual polymer free volume!®® coupled to high
internal pressure / cohesive energy density, which allows for water sorption without
excessive swelling.1%*2% The presence of the fluorenyl moiety has been shown to induce
phase separation and to promote proton conductivity while also restricting excessive
swelling. 1%9198201-204 spAc js of particularly interest because it is soluble in low boiling
point, protic solvents (e.g., methanol, ethanol) that are commonly used for PSFA ionomer-
based catalyst inks. This contrasts with typical hydrocarbon ionomers that are soluble only
in high-boiling, aprotic solvents, such as N,N-dimethylformamide (DMF),15%:203-206
Improved ionomer solubility in the catalyst ink alters ionomer aggregate morphology and
reduces domain size; this has recently been suggested to improve long-term CL
durability.2°52°¢ The avoidance of high-boiling, aprotic solvents during catalyst layer
deposition is viewed as a necessary requirement in fuel cell manufacture.10207.208 Thjs
work describes the first instance of incorporating sP4c into water/alcohol catalyst inks to

form hydrocarbon PEMFC electrodes.

3.2. Experimental

3.2.1. Synthesis & Characterization

The synthesis and characterization of sP4c, membrane fabrication and membrane
characterization performed by Dr. Hsu-Feng Lee are described in detail in the resulting

publication.®

IEC 2.21 meq g*
Water uptake 61%
Water content (A) 15
Proton conductivity (80 °C, 95% RH) 72 mS cmt
Table 3.1: Summary of sP4c membrane properties.

3.2.2. Catalyst Preparation

Catalyst inks (1% solids by weight, 1:1 v/v water/methanol) were prepared from
commercial Pt/C (TKK TEC10E50E, 46.4 wt% Pt) and a dispersion of the ionomer (5.1
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wt% ionomer in 1:1 viv H.O/MeOH). To the Pt/C, the necessary volume of water was
added and stirred until the solids were thoroughly wetted. Methanol was added slowly and
the resulting ink stirred for 15 minutes. To this dispersion, the ionomer solution was added
drop-wise and the ink stirred for another 10 minutes before probe sonication for 30
minutes. Dynamic light scattering was performed on all catalyst inks produced to
determine particle size distributions. All electrodes were applied to Nafion 211 membranes
via spray coating, for which the deposition was 0.4 mg Pt/cm? over an area of 5 cm?.
Baseline cathodes with Nafion® were fabricated with 30 wt% Nafion D520, while cathodes

with sP4c were prepared with 20, 30, and 40 wt% ionomer (IEC = 2.21 meq g*), denoted
hereafter as sP4c-20, -30, and -40.

Figure 3.2:  Solutions of sP4c(2.21) 5 wt% in MeOH for use in sP4c-20 (left) and
sP4c-40 (right) electrodes.

3.2.3. Fuel Cell Operation & MEA Electrochemical Characterization

Cells were conditioned at 80°C and 100% RH with inlet gas flows of 0.5 slpm/1.0
slpm H./O, at the anode and cathode, respectively. MEAs containing Nafion D520
ionomer in the catalyst layers (CLs) were conditioned for 24 h, while those containing sP4c
in the cathode CL required longer to equilibrate and were conditioned 36 h. Cells were
held at a constant potential of 0.5 V for conditioning, then equilibrated to OCV before
subsequent measurements. Polarization curves were measured from OCV to a shutoff
potential of 0.3 V over 200 mA steps, measuring 5 min/point, with inlet gas flows of 0.5
slpm/1.0 slpm H,/O; at the anode and cathode, respectively. Resolution of the kinetic
region was achieved through potential sweep polarization curves with 0.025 V steps at 2
min/point. Cyclic voltammograms were measured at a temperature of 80 °C and 100%
RH, with inlet gas flows of 0.25 slpm/0.5 slpm H2/N. at the anode and cathode,
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respectively. Conditions were held until a stable potential of less than 0.15 V was attained,
whereupon the gas flow at the cathode was set to zero. After holding at an initial potential
of 0.4 V vs. RHE for 45 s, scans were cycled between potentials of 0.04 V and 0.90 V vs.
RHE at 50 mV s, 1 mV/pt. With inlet gas flows of 0.25 slpm/0.5 slpm H/N; at the anode
and cathode, respectively, a Solartron 1287A FRA was used for EIS analysis. Holding the
DC potential at 0.45 V vs. RHE, and with an AC voltage amplitude of 10 mV, frequency
scans were performed from 20 kHz to 100 mHz. Protonic resistance through the CL was
calculated using procedures detailed in earlier work by the Holdcroft group®%®® and
tortuosity was calculated using theory discussed by Havranek and Wippermann.?1°

3.3. Results and Discussion

3.3.1. Synthesis and Characterization of sP4c

Synthesis and characterization data for the series of sP4c(x) (where x = ion-
exchange capacity, IEC) were as detailed above. The polymers were synthesized using
standard literature routes to poly(arylene ether)s and sulfonated using solutions of
chlorosulfonic acid to provide a range of acid-containing polymers with different IEC
values. As observed from TEM imaging, the copolymers exhibit nanophase-separated
structures analogous to those found for Nafion®.211212 The decision to use sP4c(2.21) as
the ionomer in the CL was based on a combination of its solubility in low boiling point protic
solvents (in this case, methanol) and its insolubility in hot water. These properties were
related to a higher achievable molecular weight than the sP4c synthesized with an IEC of
1.89. sP4c(2.21) achieves a high proton conductivity (0.072 S-cm™?) at a relatively
moderate water content (A = 15 mol HO mol?! —SOzH), the latter important to prevent
excessive swelling of the ionomer within the CL, which could potentially lead to mass
transport losses at high current density during FC operation. NOTE: as only sP4c(2.21)
was used in the subsequent studies detailed below, for simplicity it is hereafter referred to

as sP4c.
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3.3.2. Polymer Electrolyte Loading

Polarization curves at 80°C/100% RH under ambient pressure are shown in Fig.
3.3. For all sP4c-containing CLs analyzed, sP4c-20, sP4c-30, and sP4c-40, polarization
(IV) performance is found to be lower than that of the baseline PFSA ionomer CLs, with
the performances of sP4c-based CLs decreasing with corresponding increases in
electrolyte loading. Large activation overpotentials are observed from EIS analyses for
cells using cathodes based on sP4c, indicative of poor oxygen reduction kinetics. The
poorer electrochemical kinetics of the sP4c-based CLs at low currents may be attributable
to altered wetting of the Pt catalyst by the ionomer, poorer proton transport through the
CL, or reduced oxygen transport through ionomer films.'®” Specific attribution of these
losses may be probed by other in-situ and ex-situ methods.?**?* The superior
performance of the 20 wt% CL vs. those at 30% and 40% ionomer loadings is rationalized
based on their relative porosities (vide infra). These findings indicate that a hydrocarbon
CL of the same proton conductivity and void fraction as a PFSA CL would exhibit a slightly

diminished relative FC performance.
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Figure 3.3:

Polarization data comparing a D520-30 reference cathode with a)
sP4c-20, sP4c-30, & sP4c-40 cathodes; b) sP4c-20 & sPEEK-20
cathodes c) sP4c-30 & sPEEK-30 cathodes; and d) sP4c-40 & sPEEK-
40 cathodes, all with Nafion D520 anodes, on Nafion 211 membrane,
all electrodes 0.4 mg Pt cm~? loading. Operating conditions: 1.0 SLPM
02, 0.5 SLPM Hz, 80°C, 100% RH.
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Figure 3.4:  Fuel cell polarization curves for electrodes fabricated using standard

methanol/water catalyst inks and those incorporating 0.4% DMF in
catalyst ink (80°C, 100% RH, 0.5/1.0 slpm H./O;). Membranes were
Nafion 211 and a Pt loading of 0.4 mg cm? was common to all
electrodes. All anodes and the cathode of the Nafion reference were
30 wt% Nafion D520 ionomer; cathodes of sP4c(MeOH) and
sP4c(DMF) were 20 wt% sP4c.
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Figure 3.5:  Cyclic voltammograms of electrodes for ink ionomer content study.

sP4c-20, sP4c-30, sP4c-40, and D520-30 reference cathodes all
incorporated D520-30 anodes and were deposited on Nafion 211
membrane, with all electrodes possessing a 0.4 mg Pt cm2 loading;
operating conditions were 80 °C/ 100% RH. 0.5 slpm Hx/ 0 slpm N, 50
mV/s scan rate.
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Figure 3.6: Incorporation of DMFinto catalyst inks resulted in an overall decrease
in ECSA and Cqy;.
Ink g
Cathode | Particle C_athode b | ECSAC Rp OH+® oH+' % of h
) Thickness 2 Q 1 1 n
lonomer | Size? (m=g?) » | (MmScm?) | (mScm?) | bulk?
om | (M) cm?)

D520 401 9.89 772 |0.086 11.6 60.4 40.2 | 1.1
sP4c-20 407 8.53 52+1 | 0.359 2.4 10.9 152 |24
sP4c-30 413 8.60 48 £3 | 0.090 9.5 25.8 358 [ 1.9
sP4c-40 543 9.10 52+ 1 | 0.355 2.6 4.7 6.5 |7.2

adetermined by light scattering

bdetermined by SEM
¢determined from hydrogen adsorption charges of cyclic voltammograms
dcathodic proton resistance
€proton conductivity

foroton conductivity (normalized to ionomer volume in CL)
9% of normalized CL proton conductivity vs. bulk membrane proton conductivity

htortuosity factor

Table 3.2:

Electrochemical surface area and proton conductivity for electrodes
as related to ionomer content.
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Cathode | lonomer _ , Dispersion Ink Particle
Sample ] lonomer Dispersion® . )
lonomer | Loading? Composition® Size (nm)¢
Nafion®
D520 30 VOCs:H20:lonomer 50:45:5 401
D520
sP4c (MeOH) sP4c 20 MeOH:lonomer 95:5 407
sP4c (DMF) sP4c 20 MeOH:DMF:lonomer 85:10:5 409

awt% loading of ionomer in dispersion
bsolvent used for ink; MeOH for 1 or in the case of Nafion® D520, the dispersion
contains primarily isopropanol but also other low bp alcohols
‘composition of solvent (%wt)
ddetermined by light scattering

Table 3.3: Composition and properties of catalyst inks for DMF additive study.
HF Slope | LF Slope |Rp Vionomerdry | O (S-cm™?), V | tortuosity, n

Sample | (unitless) | (unitless) | (Q) o (S-cm?t) | % of Voo | normalized (unitless)
D520 1.599 11.976 | 0.086 0.0116 19.2% 0.0604 11
sP4c-20
(MeOH) 0.977 10.628 | 0.359 0.0024 21.8% 0.0109 2.4
sP4c-30 1.564 12.394 | 0.090 0.0095 37.0% 0.0258 1.9
sP4c-40 1.294 9.601 | 0.355 0.0026 54.4% 0.0047 7.2
sP4c-20
(DMF) 0.996 10.001 | 0.961 0.0013 44.8% 0.0041 3.6

Table 3.4: Proton conductivity data parameters from calculations. Slope taken

from Nyquist plots of EIS data, Fig. 3.7 below.
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Figure 3.7:  Nyquist plot of EIS data, truncated to the relevant frequency range,

10-5000 Hz.
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Figure 3.8:  Cross-sectional SEMs of a.) sP4c-20 (MeOH), b.) sP4c-30, c.) sP4c-40
and d.) sP4c-20 (DMF), with zoom on cathode. Multiple sites were
measured at 5-25 kx zoom to determine average CL thicknesses.

Electrochemical surface areas (ECSAS) of cathode catalyst layers were calculated

from the hydrogen adsorption peak of cyclic voltammograms shown in Figs. 3.5 & 3.6.

Consistent with literature reports of hydrocarbon ionomers,%8207 the ECSA of CLs is

observed to be lower for cathodes containing hydrocarbon ionomer. While measurements
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on PFSA ionomer-based CLs were found to agree with previous reports,'’® the ECSA of
each MEA incorporating sP4c as the cathode ionomer was found to be approximately two
thirds of PFSA ionomer value. The available area of Pt was found to be consistent for all
sP4c samples, with averaged values of 52 + 1, 48 + 3, and 52 + 1 m? g* for loadings of
20, 30, and 40 wt% of sP4c respectively, compared to the PFSA-based CL value of 77 +
2 m? gl. However, the ECSA values are greater than for those previously reported for
sPEEK-containing CLs.?*® Catalyst double layer capacitances were 167 + 1, 156 + 4 and
210 + 1 mF cm? for 20, 30 and 40 wt% loadings of sP4c, respectively, whereas the
corresponding PFSA ionomer CL was 121 + 9 mF cm™. As double layer capacitance is
generally observed to increase as a result of ionomer coverage of the catalyst, this
appears to be consistent with the observed loss of accessible Pt sites for lower ionomer
content-containing sP4c-based CLs.

The diminished ECSA of sP4c-based electrodes is indicative of lower Pt use, often
considered to be a result of insufficient wetting of Pt particles. In general, a balance exists
between poor catalyst wetting for low ionomer loadings and catalyst layer flooding for
higher loadings; however, the consistent ECSA of the sP4c-containing cathodes
examined suggests that an electrolyte loading of 20 wt% is sufficient to wet the catalyst.
Beyond this threshold no additional Pt sites are activated by further incorporation of more
ionomer; but rather, cell performance is diminished as a result of electrical isolation of the

catalyst support and diminished pore volume.

Proton resistance of the cathode catalyst layer, Rp, decreases with ionomer loading
from sP4c-20 to sP4c-30, and increases in sP4c-40. However, R, is not normalized to CL
thickness or ionomer content, and as a result is imperfect as a relative measure. To
address these issues, proton conductivities were found, which account for individual CL
thickness. Further, to address differences in ionomer volume in each CL, these were then
volume-normalized using the densities of Nafion® and sP4c (1.95 and 1.16 g cm?,
respectively). The resulting proton conductivities of the catalyst layer are 10.9, 25.8, and
4.7 mS cm* for loadings of 20, 30, and 40 wt%, respectively (Table 3.4). The PFSA-based
CL exhibits a proton conductivity of 60.4 mS cm. Comparison of the normalized proton
conductivities to bulk values (150 and 72 mS cm™ for Nafion® 211 and sP4c, respectively)
shows an increase in proton conductivity from sP4c-20 to sP4c-30, indicating that
increased ionomer creates greater connectivity between ionic pathways, consistent with

literature. sP4c-30 has a similar proton conductivity loss in the CL versus bulk, 64%, as
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the D520 reference, 60%, an excellent result for hydrocarbon CLs, consistent with good
coverage in the mesoporous regime of the CL and successful micro-phase separation
therein. A significant decrease in conductivity was observed in sP4c-40, a result that
appears inconsistent with increasing ionomer content but is consistent with prior in situ
study of very high wt% CLs and the ability of low void volume CLs to function.?°” At high
loadings, an increased fraction of ionomer may inhabit microporous regions wherein the
ionomer layer is too thin to phase-separate adequately, preventing the formation of ion-
conducting channels, and more enclosed or dead-end channels result. However,
increased ionomer coupled with densification of the CL clearly indicates the low proton
conductivity of sP4c-40 is a result of the ionomer’s inability to fully hydrate. Calculated
void fractions imply a negative void space were the ionomer to become fully hydrated in
the 1-40 cathode (Fig. 3.9), clearly not the case for a CL that does not exhibit severe and
immediate mass-transport losses in situ (Fig. 3.3a&d). Instead, the fairly rigid
catalyst/support structure in the CL limited the ability of the ionomer to swell and fully
hydrate, allowing the cathode to function in situ but at a decreased proton conductivity. By
these comparisons, it is clear all results for sP4c-40 including polarization data effectively

represent the cathode operating at a reduced relative humidity.

Void fractions of catalyst layers were calculated to consider mass transport
limitations with respect to ionomer loading. Using SEM analyses of CL thicknesses,
volumes were estimated for each sample and the void fraction calculated using the

densities of each component and Equation 3.1.
Vioia =1 —Ve — Vpe — Velectrolyte 3.1

Void fractions of fully hydrated CLs are also considered, with water uptakes of 23
and 61 wt% for PFSA and sP4c, respectively. It is shown in Fig. 3.9 that the resultant
volume fractions of an electrode containing 20 wt% sP4c most closely resemble those of
a standard, optimized PFSA-based CL, and that the total pore volume of a hydrated CL
with the assumption of full hydration decreases to zero when the ionomer loading is
increased from 20 to 40 wt%. This is in agreement with other studies of non-PFSA CLs in
which electrodes are observed to densify as ionomer loading increase. As a result of
densification of the CL, electrode porosity is lost and mass transport resistances increase

at high current densities.
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. Cathode % % %
. Ink Particle ) Vel % % Water % Vvoid
wt% ionomer . Thickness Vionomer Vionomer Vvoid
Size (nm) (mm?3) [ Vet | Vc Uptake | Hydrated
(um) Dry Hydrated | Dry
D520-30 401 9.89 4.95 189|212 | 19.2 23.6 57.7 23 53.3
sP4c-20 407 8.53 4.27 219 | 246 | 21.8 35.1 51.4 61 38.1
sP4c-30 413 8.6 4.3 217 | 244 37 59.6 36.4 61 13.8
sP4c-40 543 9.1 4.55 2051231 | 544 87.6 20.4 61 -12.8
sP4c(DMF) 409 6.1 3.05 31 | 349 30.9 49.7 31.2 61 12.3
Table 3.5: Full data for electrode composition calculations using Eq. 2.1 (see

Fig. 3.9 above)

The particle size of the catalyst ink was observed to increase with sP4c(2.21)
loading, with 20 and 30 wt% sP4c-containing inks being of similar particle size to Nafion®-
based inks. The cathode thickness was found to increase with particle size as a result of
its influence on packing density upon spray-coating, in agreement with studies of PFSA
ionomer-based CLs.'”® Variations in cathode thickness also lead to differences in the
proportionalities of wt% ionomer and vol% ionomer in Tables 3.4 & 3.5. This observation
however deviates from the general trend for CLs using hydrocarbon ionomers, for which
electrode densification leads to a decrease in thickness as ionomer loading is increased.
This deviation is rationalized as being due to the nature of the solvent system, as the
fabrication of sP4c-containing electrodes reported here is free of the high-boiling solvents
typically employed to dissolve hydrocarbon ionomers for catalyst ink formation. Although
sP4c is insoluble in water, a solution of this ionomer dissolved in 50:50 water:methanol,
appearing homogeneous and stable (Figure 3.2). The solubility of sP4c in methanol is
likely a result of the polymer rigidity and high free volume allowing greater access to small
solvent molecules between chains in polymer aggregates; greater accessibility to the
hydrophilic regions in aggregated polymer chains enables polar, protic solvents better to
disaggregate and disperse these polymer chains. This provides several advantages for
fabrication: CLs may be fabricated with similar deposition procedures used for PFSA

ionomer-based inks, allowing for direct comparisons: fuel cells can be prepared by spray
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coating membranes rather than gas diffusion layers, eliminating the need for hot-pressing;
the removal of high-boiling solvents from the fabrication process allows for higher ECSAs

and porosity; and alcohols are easier to handle and safer to use in large-scale processes.

A uniform distribution of sP4c is supported by the consistently high ECSA of the
electrodes and relatively constant Cg, indicating that contact between ionomer and Pt
does not change significantly even as the cathode sP4c ionomer loading is doubled from
20 to 40 wt%. This suggests that the effectiveness of sP4c-containing electrodes to
conduct ions, in the context of fuel cell operation, increases as void space fills with ionomer
able to achieve full hydration, but beyond a certain threshold effectively adds to the cell
resistance by decreasing porosity and simultaneously increasing mass transport
limitations. This process significantly accelerates once the ionomer cannot reach full
hydration, whereupon proton conductivity begins to decrease significantly. sPEEK
ionomer cathodes, formed from high-boiling solvent inks, exhibit a sharp increase in ECSA
and proton conductivity with increased loadings, thought to be due to high ionomer
loadings being required to create an effective ionomer percolation network.'8” However,
with high loadings of SPEEK comes an increase in kinetic and mass transport losses
resulting in a significant diminution of fuel cell performance due to poor gas transport
through the CL, paralleling the results achieved with sP4c in this study. The nature of the
ink solvent therefore plays a key role in the properties of a catalyst. Introduction of high-
boiling solvents such as DMSO, DMAc, and NMP into catalyst inks not only affects the
porosity and ECSA through the evaporation rate of the ink, but also results in the formation
of domains in which the ionomer is preferentially soluble, leading to densification of the

material .58

3.3.3. Low vs. high boiling point solvent inks

The solubility of sP4c in both low- and high-boiling solvent inks allows for a direct
comparison of the role of the solvent ink. The ink compositions listed in Table 3.3 were

investigated for catalyst layer fabrication.

Polarization data at 80°C and 100% RH under ambient pressure Hz/O; are shown
in Figs. 3.3 & 3.4. Activation losses of the sP4c(MeOH) cells were found be greater than
that of Nafion-based electrodes. Performance of the sP4c-DMF cell was found to decrease

relative to its MeOH counterparts, the potential at 2.0 A cm2 representing a loss of 0.53
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V. Electrodes based on sP4c show higher cell resistance than the Nafion® D520 reference,

but this decreased when DMF was omitted from the ink solvents.

The ECSA of cathodes containing sP4c ionomer were calculated to be 52 m?.g?
for the sP4c(MeOH) electrode, and 44 m?.g* for sP4c(DMF) electrodes, corresponding to
an increase of 18% for the MeOH-based electrode. The double layer capacitance for the
sP4c(MeOH) electrode was found to be similar to that of PFSA CLs. The ionic resistance
of the catalyst layer is found to be lower for CLs prepared from MeOH, resulting in an
increase in catalyst proton conductivity (Table 3.4). Cathodic proton conductivity was
calculated to be 10.9 mS cm™ for the sP4c(MeOH) electrode, and 4.1 mS-cm? for the
sP4c(DMF) electrode.

For sP4c, the DMF-based electrode was 20.4% thinner than its MeOH-based
counterpart. SEM analyses found the CL thickness to be 8.53 um for the sP4c(MeOH)
and 6.02 uym for the sP4c(DMF) electrodes. Calculations of total electrode pore volumes
indicates a loss of porosity when fabricating with DMF (Fig. 3.9), consistent with literature

reports of catalyst densification.?*®

While DMF accounted for merely 0.38 wt% of the catalyst ink, pronounced solvent
effects were apparent even with such small amounts. The use of DMF in electrode
fabrication resulted in reduction of catalyst ECSA, porosity, proton conductivity, and
markedly increased kinetic losses resulting in an overall decrease to fuel cell performance.
Solvent effects therefore cannot be considered negligible and may pose a serious hurdle

in the development of high-performance hydrocarbon ionomers — a class of materials not

typically processable without the use of high-boiling polar aprotic solvents.

3.4. Conclusion

Sulfonated copolymer sP4c (IEC = 2.21 meq g?) was studied for potential
application as a PEMFC ionomer. The performance of catalyst layers fabricated using
sP4c was found to be highest for ionomer loadings of 20 wt%, with decreasing polarization
performance for increased loadings. The ECSA of catalyst layers was found to be
consistent, implying that ionomer-catalyst interactions are not improved by further
introduction of sP4c and that the ionomer is well distributed throughout. As ionic pathways

are thought to be well-developed even at a loading of 20 wt%, further incorporation of
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ionomer, though it increases proton conductivity to a point, decreases the pore volume

and hinders mass transport, ultimately limiting catalyst layer performance.

CLs fabricated from catalyst inks devoid of high boiling point, polar, aprotic solvent
displayed improved fuel cell performance. The introduction of DMF into the catalyst ink,
even in very small quantities, led to a dramatic effect on the catalyst layer structure,
including an overall decrease in ECSA, proton conductivity, porosity, catalyst thickness,
and attainable power density. The solvent system employed during fabrication of CLs
containing hydrocarbon ionomers plays a critical role in the cell performance and future
work should be devoted to designing hydrocarbon ionomers that can be dissolved in low
boiling point solvents.

3.5. Critical Discussion

The observation that a miniscule 0.38 wt% DMF in the catalyst layer ink had such
a considerable impact in the kinetic region (see Fig. 3.4) was a remarkable result,
especially since the methodology employed was spray-deposition onto a heated
substrate, by far the fastest-drying method of catalyst layer deposition. Also very
consistently throughout the literature, maintaining a high void space in catalyst layers, in
particular through low-swelling volume % ionomer in the hydrated form, is the critical
parameter for catalyst layers with excellent transport properties, i.e. highly functional
catalyst layers. Previous work by the Holdcroft group (e.g. Peron et al) has compellingly
demonstrated that the formation of high mesoporosity CLs (i.e. void space in the 20-100
nm pore diameter range) free as possible from ionomer incursion due to ionomer swelling

and/or high volume % is critical for mass transport allowing for high-activity catalytic sites.

An important outlier remains various groups connected to Los Alamos National
Labs, which have long studied effect of glycerol addition to solvents as a means of
increasing ionomer hydrophilicity and swelling,?'® studied its effects on PFSA ionomers in
solution,?® on bulk-cast PFSAs,* ionomer in PFSA catalyst layers,?*” and claimed more
durable electrodes result despite lower initial efficiencies.?'® To date, this work has been
confined to PFSAs and these impacts may not translate to already higher-swelling and
more hydrophilic hydrocarbon ionomers, or in fully hydrocarbon systems with milder

degradation species potentially offering increased electrode lifetimes.
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The entire topic of the ex situ study of ultra-thin ionomer films emerged and
expanded rapidly soon after the completion of this work, and remains a very important
avenue of research in this field. The prevailing theory posits that the oxygen permeance
of the ionomer thin film formed on the Pt/C agglomerate determines the mass transport
characteristics of a system by becoming the lead oxygen transport resistance at high
current densities or, more of interest to the field, high catalyst activities. The corollary to
this theory is that this oxygen transport resistance forms a barrier to increasing
electrocatalyst activities, and thereby reducing effective platinum content without
efficiency penalties, in ionomer-bearing catalyst layers. Recent work has demonstrated
that more homogeneously distributed ionomer may reduce these mass transport losses, ?*°
while other data (in this case from the same group) suggests the accessibility of
electrocatalyst on the electrocatalyst support is the main limitation on the attainable activity
of an electocatalytic site,??° a conclusion reached in similar work some time ago.>® The
definitive answers presently sought will dictate future ionomer development, electrode

compositions, and MEA constructions.
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Chapter 4. Anion-Exchange Membrane Catalyst
Layers — The Control and Effect of Pore Size
Distribution in AEMFC Catalyst Layers

*This chapter apart from the critical discussion has been published as peer-reviewed

research.??

Britton, B.; Holdcroft, S. J. Electrochem. Soc. 2016, 163 (5), F353—F358.
Individual contributions were:

BB: Experimental work, data analysis, & manuscript

SH: Scientific supervision

4.1. Background

O2/H2 polymer electrolyte fuel cells rely on the electrochemical oxygen reduction
reaction (ORR) and the hydrogen oxidation reaction (HOR). In proton-exchange
membrane fuel cells (PEMFC), the reactions occur in an highly acidic environment and
occur with the greatest activity on Pt electrocatalayst.??? An alkaline environment opens
the possibility of using stable and highly active non-noble catalysts,??2-224 put hydroxide-
exchange membrane fuel cells (AEMFC) are less well-developed and the hydroxide ion
diffuses more slowly than protons.*> Nonetheless, comparable membrane conductivities
have been shown.??® Moreover, compared to liquid-based alkaline fuel cells, AEMFCs may
confer a higher power density, may have the capacity to function with impurities in the fuel,
and have the potential to operate in CO-containing air,??® especially under high current
load.??® Additionally, as most AEM materials are fully hydrocarbon, they may display a

lower fuel crossover compared to perfluorosulfonate-based ionomers.

A batrrier to the development of AEMFC technology concerns the poor chemical
stability and low ion conductivity of the hydroxide-conducting polymer under typical fuel
cell conditions. The same issue applies even more to the ionomer in the catalyst layer,
which experiences rapid variations in its hydration. In a typical anion-exchange ionomer,
both the polymer backbone and functional groups are subject to hydroxide attack, e.g., via

B-Hoffman elimination or direct nucleophilic displacement of the functional groups.??”:228
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Cleavage of the polymer backbone primarily affects the mechanical properties of the
membrane, while loss of functional groups disproportionately reduces hydroxide transport.
However, recent work has shed light on the promising molecular design principles for the
enhancement of anion-conducting membrane materials.3122%230 The adoption of steric and
electronic protection of cationic groups, in addition to membrane reinforcements, are
beginning to address the primary pathways of membrane degradation.??”-231-23%
Membranes possessing very high ion conductivity have recently been designed.?%®
However, these strategies are very infrequently combined and characterized in situ.?®’
Moreover, stabilized, doped, or grafted membrane materials are not amenable to serve as
a soluble ionomer for use in the preparation of catalyst inks. Presently, only two
commercial products (FUMA-Tech FAA-3 and Tokuyama AS-4) are available for the
purpose of forming catalyst layers for AEMFCs, which has greatly hindered the study and
advancement of catalyst coated membranes for AEMFCs.8

Developments in alkaline-based catalyst and ionomer materials are also hindered
by difficulties in electrochemical characterization, including the collection of meaningful
polarization data. For instance, consistent fuel cell data are much more difficult to achieve
than PEMFCs because of a greater sensitivity to both dehydration and flooding. Both
effects occur in different regions of the same polarization curve, and the addition of
backpressure may significantly alter this behaviour.®>2%® Given the highly sensitive and
parameter-heavy nature of characterizing materials as MEASs in situ, the lack of rigorous
ex situ characterization hinders discernment and comparison of emerging anion-exchange
materials.® Electrochemical characterization of materials is also hampered by the added
complexities of an alkaline environment, including a high sensitivity to impurity ions both
adsorbed and in the Helmholtz-layer around active catalyst sites,?®23° significantly higher
polarization losses at the anode,?* and instability of the vast majority of AEMs under
conditions relevant to fuel cell function. Standardized best practices for the study and

characterization of new AEM materials are only beginning to address these issues.?*

The development of high-performance catalyst layers (CLs) for anion-exchange
membrane fuel cells (AEMFC) is of particular relevance due to the disproportionate in situ
losses that can be attributed to it. The formation of salt-like precipitates in the CL (the
primary mode of degradation in AFC CLs), can be mitigated by ex-situ conditioning in
AEMFCs,242:2% put incomplete hydration throughout the electrodes during operation

renders the ionomer vulnerable to the aforementioned chemical degradation pathways. In
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addition, the lower conductivity of hydroxide-containing ionomers means that researchers
are relying on higher ion-exchange capacity materials: but this is a strategy with

diminished returns given the excessive degrees of swelling often observed.?**

The formation of catalyst layers using catalyst inks formed from low-dielectric, low-
boiling solvents has been reported to affect catalyst layer morphology in CCMs
investigated for AEMFCs.2 These observations parallel findings for CCMs prepared for
PEMFCs.1° Whereas the effect of using high-boiling point solvents has been shown to
cause significant performance losses in PEMFCs,# it has not been reported for AEMFCs.
This is likely because hydroxide-based ionomers are currently only soluble in high-boiling
solvents, with a few recent exceptions.?°® Additionally, whereas the investigation of
techniques for fabricating membrane-electrode-assemblies for PEMFCs have been
thoroughly reported, e.g., spray-coating, decal transfer, ink jet printing, hot-pressing, etc.,
and solvent effects have been shown to increase relevant regions of the pore size
distribution of PEMFC catalyst layers, and thus fuel cell performances,?* a similar
strategy has not yet been reported for AEMFCs.

This study sought to gain better insight into alterations to catalyst layer structure
and function that are caused by high-boiling solvents, particularly to the mesoporous
regime, 20-100 nm pore diameters. High mesoporosity is critical for optimally balanced
kinetic and mass transport parameters, enabling high-performance fuel cell operation. To
achieve this, the ultrasonic spray-coating technique previously employed to create well-
formed PEMFC CLs was adapted to AEMFCs, enabling the investigation of the effect of
high-boiling solvents in catalyst layer formation. Specifically the resultant CCMs were
characterized in situ, i.e. in operational AEMFCs, and ex situ using porosimetry and
scanning electron microscopy. These results were contextualized with relevant
electrochemical data, as in previous PEMFC studies by the Holdcroft group.>*8” No true
benchmark for AEMFC function has yet been established, but FAA-3 represents one of
the few high-performance anion-exchange ionomers and unreinforced membranes
commercially available, and is the subject to the most extensive parametric studies to
date.?*® Consequently, these materials were chosen to undertake studies of structure-

property relationships of catalyst layers.
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4.2. Experimental

Catalyst inks were prepared containing a minimal percentage of high-boiling
solvent in the following manner: MeOH/THF in a 1:1 wt/wt ratio was added to carbon
supported platinum catalyst (TKK TEC10E50E, 44.6 wt% Pt on graphitized C) and stirred.
lonomer solution (FAA-3-Br, Fumion®, FUMA-Tech Inc., 10 wt% in NMP, b.p. 202 °C) was
added dropwise. The resulting ink was stirred for 1 h and sonicated at low power for 1 h.
The final ink composition was 48.1 wt% MeOH, 48.7 wt% THF, 2.2 wt% NMP, and 1.0
wit% solids. The solids were comprised of 75 wt% Pt/C and 25 wt% FAA-3-Br ionomer. A
1:1 wt/wt mixture of MeOH:THF possesses a dielectric constant (relative permittivity, €, of
21 and an azeotropic boiling point of 62-64 °C,247:248 while a 1:1 wt/wt mixure of MeOH:H,O
(typically used for PEMFC catalyst inks) has a dielectric constant of 57 and a zeotropic
boiling point of 87 °C. 249250

AEMSs used in this work were unreinforced FAA-3-Br, Fumapem® (FUMA-Tech
Inc.) having a thickness of 20 pum in the dry form. AEMs were spray-coated with the
catalyst ink on a heated vacuum table (Sono-Tek ExactaCoat SC®) to form cathode/anode
catalyst loadings of 0.5/0.4 mg Pt-cm™. For the purpose of this work, catalyst layers were
deposited using high head speeds (100 mm-s?) and low catalyst ink flow (0.25 mL-min™),
forming the CLs in 200-250 layers, a significantly higher number of deposition layers than
desirable for industrial-scale CL fabrication processes. Substrate temperatures were 50,
80, 120, or 150 °C. The time required to deposit an individual layer was 3 seconds, with
the time between successive depositions of layer being controlled at either 5 or 30
seconds. CCMs were ordered 1-5 according to substrate temperature, and by time

between successive depositions of layers (Table 4.2).

CCMs prepared using FAA-3-Br were equilibrated in 1M KOH overnight and briefly
immersed in ultra-pure Millipore® water prior to mounting in the fuel cell hardware.?*®
Exchange of FAA-3-Br to hydroxide form under these conditions was confirmed by
weighing dried FAA-3 membrane before and after exchange (Table 4.1). Mounting in situ
included a gas diffusion layer (GDL) (Sigracet® GDL 24BC, SGL Carbon SE) and
gasketing (Teflon of thickness required give 20-30% GDL compression). Torque was
applied to 2.26 N-m (20 in-Ibs). Successful gasketing and GDL-electrode connectivity was
determined by pressure-sensitive film (Prescale LLLW, Fujifilm). The fuel cell was

connected to a Teledyne Medusa 50W test station (Scribner Inc.).
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All CCMs were conditioned in situ under 0.5/0.25 slpm O2/H; at 60 °C, 100% RH.
Initial current density for conditioning was found by setting a 0.5 V potential. The current
was stepped at 20 mA-cm?/step, 1 minute/step, to a potential 0.2V (this was method
adapted from a previously published procedure).?*® After conditioning, the gas flow was
increased to 1.0/0.5 slpm O/H,. The open circuit voltage (OCV) was determined for 5 min,
10 s/pt. Multiple polarization curves were determined at 50 mA-cm2 steps, 15 s/point or
equivalent rates using smaller steps, e.g., to resolve the kinetic region. iR data was
collected concurrently using the current-interrupt method. iR data from 500 mA/cm? to the
high current density was averaged, corrected for cell resistance, and converted to
membrane conductivity according to standard methods.'?” Multiple polarization curves
were performed over 3-4 hours following conditioning, or until progressive performance

losses were observed.

Additional electrochemical characterization was performed using a combined
potentiostat and impedance/gain phase analyzer (VersaSTAT 4, PAR). AEMFCs were
equilibrated under 0.25/0.5 slpm Hz/N2 until stable, potentials < 0.15 V were achieved.
Under these conditions, electrochemical impedance spectroscopy (EIS) was performed
by applying a 0.45 V bias and 10 mV AC potential (108-0.1 Hz). Chronoamperometry (CA)
was performed by increasing the bias from 0.0 to 0.6 V in 0.1 V steps at 30-second
intervals. The average current density after current stabilization at 0.5 V was used to
determine the fuel crossover current (mA-cm?2). Gas flows were then altered to 0.25/0
slpm H2/N2 and cyclic voltammetry (CV) performed: ECSA was determined by the
integration of the hydrogen desorption peak of all overlapping CVs, corrected for electrical
crossover. The double-layer capacitance (Cq) was found from the lowest difference
between currents of equal potential ~0.4 V, uncorrected for fuel crossover, with all

confidence intervals representing sample standard deviations.

CCMs were freeze-fractured in liquid N2 to determine the membrane and catalyst
layer thicknesses by SEM (Aspex Explorer). Each cathode thickness was taken as an
average of six measurements across an entire cross-section. The electrode morphology
was examined by SEM (FEI Dual-Beam 235). Mercury intrusion porosimetry was
performed (Micromeritics Autopore 1V 9500), with pressures at intervals 1-30,000 psi, on
single 25 cm? electrodes spray-coated onto FAA-3 membranes to loadings of 0.5 mg
Pt-cm under identical conditions to each series. After correction for the electrode weight,

both total internal porosity and pore distribution (between 10,000 to 6 nm pore diameter)
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were calculated. The swelling and water uptake of the hydroxide-form FAA-3 membrane
were experimentally determined as an average of three samples exchanged from the
bromide form into the hydroxide form by immersion in 1M KOH at room temperature for
24 hours, followed by heating to 60 °C for 1 hour. Masses and dimensions were measured

immediately upon removal from solution and after drying in a 120 °C oven for 15 minutes.

4.3. Results & Discussion

4.3.1. Ex Situ Characterization of Catalyst Layers

Catalyst layers were formed on membranes by spray-coating multiple layers of the
catalyst ink with the ionomer being in the bromide form. All CCMs appeared to dry
instantaneously upon deposition. Deposition of the catalyst layer produced visibly well-
formed, wrinkle-free CCMs, with no physical differences observed between CCMs formed
in 1-hour (2, 3, & 5) and those formed in 4-hours (1 & 4) (Tables 4.2 & 4.3). The initial
membrane thickness was 20.0 um in all instances. Membrane thickness increased to 23
+ 1 um upon exchange to the hydroxide form. The water uptake of the hydroxide-form was
133 + 3% (Table 4.1). Dimensional swelling was found to be 17 = 1% (Table 4.1).

Macroscale SEM images of the CCMs (Fig. 4.1, top row) revealed large feature
sizes for cathode CLs in CCMs 1, 2, 3, and 5. Significantly smaller feature sizes were
determined for 4. On the mesoporous scale (Fig. 4.1, middle row), only CCM 2 displayed
a significant absence of porosity (i.e. very few mesopores were observed relative to other
CCMs), while no significant differences in porosity were observed in the nanoporous
regime (Fig. 4.1, bottom row). Cathode thicknesses and calculated void fractions in the
dry and fully hydrated states are reported (Table 4.3, see Fig. 4.2).

The porosity of the CLs were determined as differential intrusion and cumulative
pore area (Fig. 4.3). The total internal porosities and total pore areas were found for CCMs
1-5 (Table 4.3). Considering only the mesoporous (20-100 nm) regime, the internal

porosities and cumulative pore areas were found (Table 4.3, Fig. 4.4).

4.3.2. In Situ, O2/H2 FC Operation

CCMs fully conditioned in situ in 1-2 hours. Polarization data were determined for

all CCMs and are shown in Fig. 4.5a-c. The data were found to be highly reproducible

82



over multiple polarization curves after conditioning was completed. In situ membrane
conductivities, determined by averaged Ohmic-region iR data from polarization curves
(Eg. 4) and confirmed by EIS HFR, were estimated to be 15.3 + 0.1, 21.3 + 0.3, 22.9
0.1, 28.8 £ 0.5, and 27.8 + 0.5 mS-cm for CCMs (Fig. 4.6), which is consistent with the
reported hydroxide-form conductivity of 50 mS-cm™ (Table 4.1). OCVs, kinetic-region and
Ohmic regime voltages at 20 and 500 mA-cm, respectively, and resultant maximum
power densities are all reported (Table 4.3). Enhancements in AEMFC performance
appear to correlate to the temperature of the substrate used to prepare the CCM prepared
over a period of 1-hour, i.e. CCMs 2, 3, and 5 (Fig 4.5a) and for CCMs prepared over a 4-
hour period, i.e. CCMs 1 and 4 (Fig. 4.5b). CCM preparation time had a greater effect
than substrate temperature, comparing 4-hour CCM 4 and 1-hour CCM 3, both prepared
at 120 °C (Fig. 4.5¢).

Conductivity for 20 um hydroxide-form FAA-3 (mS/cm)* 50
Reported water uptake 25 °C (%) 156
Reported dimensional swelling 25 °C (%) 24-26
Observed water uptake 60 °C (%) 133+3
Observed dimensional swelling 60 °C (%) 17+1

Form Br OH-
IEC (meq-g?) 2.4 2.8
Mass % Anion of Polymer (%) 19.2 4.1
Theoretical Mass Loss (%) 15.1
Observed Mass Loss (%)** 19.9+0.6

*FAA-3 technical specifications, FUMA-Tech GmbH
**Average of 3 dried membrane samples exchanged from Br- to OH form
Table 4.1: IEC, conductivity, water uptake, & swelling for FAA-3 at 25 & 60 °C.

83



Substrate Wait Time? Cathode Deposition | Anode Deposition | Total
CCM | Temperature (°C) | (s) Time (min) Time (min) time (h)
1 50 30 138 110 4.1
2 80 5 33 27 1.0
3 120 5 33 27 1.0
4 120 30 138 110 4.1
5 150 5 33 27 1.0

aWait time between depositions of successive layers of catalyst ink. Each layer required

approximately 3 seconds to deposit.

Table 4.2: Spray-coater substrate temperatures & deposition rates for all CCMs.
CCM 1 2 3 4 5
76+ |74+ |111+ 118+ 115+

Thickness (um) 1.0 0.6 1.0 0.5 0.6
Void Fraction, Dry (%) 37 24 58 69 56
Void Fraction, Wet (%) 0 0 25 44 21
Total Internal Porosity (cm3-g*?) 0.687 | 0.674 0.795 0.767 0.976
Porosity 20-100 um (cm?®-g™) 0.096 | 0.037| 0.168| 0.282| 0.216
Total Pore Area (m?-g?) 95.3| 97.7 88.0 77.8 134.4
Pore Area 20-100 um (m?.g?) 8.8 4.3 14.7 21.6 17.1
OCV (V) 1.064 | 1.040 1.026 1.012 1.050
Potential at 20 mA-cm2 (V) 0.924 | 0.952 0.921 0.900 0.945
Potential at 500 mA-cm (V) 0.527 0.42 0.555 0.615 0.599
Max. Power Density (mW-cm) 276 224 313 428 326

Table 4.3:
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Catalyst thickness determined by SEM, void fraction by calculation
(see Fig. 4.2), porosity and pore areas by mercury porosimetry, and
in situ performances extracted from polarization data (see Fig. 4.5).




Gravimetric
Capacitance Fuel crossover
CCM ECSA (m?/g Pt) | (mF/g Pt) Ca (MF/cm? Pt) | current (mA/cm?)
1| 26.9+0.9 219 0.59 0.3
2 | 31.2+0.6 352 1.10 2.9
3 |34.410.1 417 1.44 0.5
4 127.440.1 235 0.64 1.3
5130.2+0.2 392 1.18 0.6
Table 4.4: Electrochemical data: ESCA and Cgq extracted from CV analysis, fuel

crossover and short circuit from CA analysis, all but Cq confirmed by

LSV.

Figure 4.1: SEM images of cathode CLs for CCMs 1-5. Top, Middle and Bottom
rows represent enlargements of 1.6 kx, 25 kx, and 100 kx. Scale bars
are 20 ym, 1 pm, and 200 nm, respectively. See Table 4.1 for a
description of the deposition protocol.
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Figure 4.3: Cumulative pore area by mercury porosimetry from the mesoporous
to the nanoporous regimes for CCMs 1-5.
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Figure 4.4: Power densities measured from polarization data (Fig 4.5) compared
with: (a) mesoporous internal volume, (b) mesoporous pore area.

88



Potential, E /|V]|
o
- =) oL

=
1o

Potential, E /|V|
R
- =} =]

—
;--f
9

S
—

0

500 1000

1500

Current Density, j /mA-cm™

—1
4

0

500 1000

1500

Current Density, j /mA-cm>

89

*th
=
=

o
—
f=—

300

9
—
=

—
-
-

Power Density /mW-cm

—

—



=
=N

Potential, E /|V]|
-

Figure 4.5:

- 300

T
9
—
=

1
—
<
—

Power Densit

0

—

500 1000 1500
Current Density, j /mA-cm

Beginning-of-life, polarization and power density data for various
AEMFCs prepared with different cathode catalyst layer deposition
protocols. (a) Effect of increasing substrate temperature during 1-
hour spray-coating protocol: 80 °C (CCM 2), 120 °C (CCM 3), 150 °C
(CCM 5) with power densities 224, 313, and 326 mW-cm™, respectively.
(b) Effect of increasing substrate temperature during 4-hour spray-
coating protocol: 50 °C (CCM 1), 120 °C (CCM 4), achieving 276 and
428 mW-cm2, respectively. (c.) Effect of increasing the time of spray-
coating protocol using constant substrate temperature (120 °C): 1-
hour (CCM 3), 4-hour (CCM 4), with power densities 313 and 428
mW-cm™, respectively. Fuel cell operating conditions: 60 °C, 0.5/1.0
slpm H/O2, and zero backpressure; all data confirmed via multiple
repeated polarization curves.
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normalized resistance (iR data)'?” at 500 mA-cm? (left bar); in situ
cathode ionomer conductivity obtained by EIS: absolute conductivity
(centre bar) and normalized to 100% ionomer by volume (right bar).
Error bars represent the average + sample standard deviation for all
data.

4.3.3. Electrochemistry

Gas crossover current densities of 0.3, 2.9, 0.5, 1.3, and 0.6 mA-cm? were
determined from chronoamperometry data, specifically the steady-state current density at
0.5 V applied potential, for CCMs 1-5 (see Table 4.4). Values were determined post-
operation, i.e. after the onset of performance losses, after equilibration to low potentials
under Hy/N. gas flows. Linear-sweep voltammetry revealed the presence of small
electrical shorts for all AEMFCs, indicating that the fuel crossovers determined by
chronoamperometry were larger than the actual value. When corrected for electrical
shorts, gas crossover currents were low, which is not unexpected for hydrocarbon CCMs.
From CV data, the estimated electrochemically active surface areas (ECSAs) for CCMs

1-5 are reported in Table 4.4, and are similar for all cells and independent of CL pore size.
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The double-layer capacitances (Cq) of CCMs 1 and 4 (219 and 235 mF-g g, respectively)
were half that of CCMs 2, 3, and 5 (352, 417, and 392 mF-gp;, respectively); Table 4.4),
noting that 1 and 4 were prepared over a longer time period (Table 4.1). In polymer
electrolyte electrodes, Cy is typically considered to vary directly with carbon surface area,
these data suggest an alteration to ionomer morphology in 1 and 4.

lonomer conductivities, determined by EIS, were 0.83 = 0.16, 0.84 £ 0.16, 0.25 +
0.05, 0.25 + 0.05, and 0.17 + 0.03 mS-cm™for 1-5 (Fig. 4.6). When normalized to 100%
of cathode CL volume from calculated vol% composition determined from SEM
measurement and material densities, conductivities were 2.9 + 0.9, 2.9 + 0.8, 1.6 = 0.3,
1.9 £ 0.2, and 1.0 = 0.2 mS-cm™ for 1-5 (Fig. 4.6). All electrodes had equal masses of
ionomer, therefore thinner cathodes 1 & 2 contained a relatively greater ionomer content
to 3-5 (Fig. 4.2). Accordingly, CCMs 1 & 2 showed expected higher absolute and volume-
normalized ionomer conductivities.’®® However, the volume-normalized ionomer
conductivity of CCM 5 was unexpectedly lower than that for CCMs 3 and 4, despite near-
equal cathode thicknesses (Table 4.3). The ionomer conductivity of CCM 4, 0.25 mS-cm-
! was found to be consistent with the value of 0.27 + 0.05 mS-cm™ which was determined
to be consistent across a range of EIS biases/potentials (Table 4.5). This confirms the EIS
parameters used in this study were appropriate for the determination of ionomer

conductivity.
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DC Potential AC Potential OoH- V.N. oop-
250 10 0.31 2.26
300 10 0.40 2.92
350 10 0.19 1.41
450 10 0.25 1.88
500 10 0.25 1.88
550 10 0.25 1.83
600 10 0.34 2.54
650 10 0.31 2.29
750 10 0.30 2.23
850 10 0.29 2.12
950 10 0.32 2.33

1050 10 0.32 2.37
450 5 0.20 1.45
450 15 0.22 1.63
450 20 0.23 1.67
450 30 0.19 1.41
450 50 0.21 1.54
450 70 0.29 2.17
450 100 0.23 1.69
Average of data: 0.27+0.05 | 1.9+0.4

Table 4.5: Results of EIS study on CCM 4, with reporting absolute hydroxide
conductivity and conductivity as volume-normalized to 100% volume
for comparison to membrane data. Standard conditions used on other
CCMs in this study in bold. Averages * population standard deviation
are provided analysis as per prior work.8

4.3.4. AEMFC Polarization Data

Conditioning of AEMFC at potentials between 0.5 and 0.2 V represents a
significant difference to conditioning PEMFCs, because continuous operation at high
currents/low potentials may lead to flooding in PEMFCs.?*¢ High gas flow rates (1.0/0.5
slpm O./H;) are typical for beginning-of-life fuel cell analyses as they provide an initial
indication of AEMFC performance by eliminating hysteresis from flooding in the mass-
transport region. However, even operating an AEMFC at 95-100% RH, high gas flow rates

may lead to dehydration of the membrane/ ionomer, as revealed by iR.

The rate for acquiring data points to construct polarization curves was chosen to
provide the most adequate comparison of data, independent of temporal water
management issues.?®! The power densities observed for AEMFCs are among the highest
current and power densities reported in literature for AEMFCs under these conditions (i.e.

60 °C, zero backpressure, Pt/C as both anode and cathode electrocatalyst at standard
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loadings).The highest value, 428 mW-cm (for CCM 4) represents a significant increase
in AEMFC power densities achieved using FUMA-Tech FAA-3. The best value reported

previously was 223 mW.cm:2,84246.252.253

4.3.5. Catalyst Layers

THF and MeOH were chosen as solvents for the catalyst inks to minimize the
dielectric constant. This has been shown to create colloidal dispersions of catalyst solids
and increase the average pore size in electrodes.!®21% The dielectric constant achieved
(21) was substantially lower than a standard water/MeOH mixture (57),. The thinnest
cathode CLs obtained using substrate temperatures of 50 and 80 °C (7.6 and 7.5 pm in
CCMs 1 & 2, corresponding to total internal porosities of 0.688 and 0.674 cm?3.g?,
respectively, were significantly more porous than CLs described in a previously reported
study on the microstructure of spray-coated AEMFC CLs, which used comparable
commercial materials (0.143 cm?.g* for the equivalent 25 wt% AS-4 ionomer to 0.589
cm3-g for pure Pt/C catalyst). The thicker electrodes in CCMs 3, 4, and 5, prepared using
substrate temperatures of 120, 120, and 150 °C (11.1, 11.8, and 11.5 uym, corresponding
to 0.795, 0.767, and 0.976 cm?®/g Pt, respectively), displayed thicknesses on par with
optimized Nafion® and high-performance hydrocarbon electrodes for PEMFCs (12.4 and
10.7 um, respectively, accounting for loading — see Fig. 4.2). Although catalyst ink was
observed to evaporate near-instantaneously in each of CCMs 1-5, this observation
suggests that a high instantaneous rate of evaporation, caused here by very low ink flows
and substrate temperatures greater than the boiling point of the bulk of the solvent,
significantly increases the porosity of the catalyst layers. Further, noting no substantial
differences in CL thickness between CCM 3 deposited over 1-hour and CCM 4 deposited
over 4-hours, CL thickness appears to be independent of the degree to which high-boiling

solvent was driven from the CL.

Despite good improvement over literature values, cathode CLs of CCMs 1 and 2
were still incapable of operating with fully hydrated ionomer according to the calculations
of void space available, due to the cathode CL having zero void space at full ionomer
hydration.'8? The greater volumes of the cathode CLs in CCMs 3, 4, and 5 would allow the
ionomer to operate fully hydrated (see Fig. 4.2).18 Full hydration has consistently proven
necessary for the stability of AEMFC membrane/ionomer, so this result suggests

enhancements in CLs design will lead to more chemically stable catalyst layers in addition
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to other benefits, such as improved mass transport. Understanding and delineating the
impact of high internal pore volume — void space not occupied by catalyst, catalyst support,
or ionomer in a hydrated state — and mesoporosity — pore volume between electronically
connected catalyst support particles specifically in the range of 15-100 nm — on the mass
transport and stability of AEMFC CLs is vital to electrode engineering to create efficient

and stable systems.

Additionally, full hydration and back-diffusion of water is vital to maintain a high
level of hydroxide conductivity and chemical stability of the membrane/ionomer.382% |t is
observed that better-formed porosity gradients in CLs allow the membrane to operate in
an effectively higher hydrated state, increasing membrane conductivity (Fig. 4.6). This
mitigates the dehydrative effects of high gas flows discussed above. The highest
membrane conductivity measured under the test conditions described, 28.8 mS-cm™?,
obtained for CCM 4, is consistent with the reported ex situ, value for fully hydrated
hydroxide-conducting membrane (50 mS-cm™), which is indicative of facile water transport

between electrodes,

However, the substantial differences in polarization data between CCMs 3, 4, and
5 warranted a more thorough investigation of catalyst layer microstructure, and is
presented as follows: the porosity in the mesoporous regime, 20-100 nm, was observed
to vary substantially between CCMs, as can be clearly visualized in the cumulative pore
areas (Fig. 4.3) and internal volumes (Fig. 4.4a) in this region. This data provides a better
indicator of electrode quality than the total internal volume or pore area (Table 4.3).
Mesoporosity better determines mass-transport through the catalyst layer than total
porosity, because total porosity includes nanoporosity, and nanopores are largely blocked

with ionomer during fuel cell operation and thereby of minimal impact to mass-transport.

The presence of even low amounts of NMP (e.g., 2.2 wt%) in the catalyst ink is
believed to cause a reduction in mesoporosity by its effect of solvent annealing. Well-
formed microstructure subsequently alters electrode conditioning, reducing cathode

annealing in-situ (Fig. 4.1).

The double-layer capacitance (Ca), a measure of the interfacial area between
wetted ionomer-catalyst or wetted ionomer-catalyst support , increases with ionomer

content and increases proportionally to ECSA in typical CLs.?*® However, Cq found for the
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CCMs deposited over 4-hour (CCMs 1 and 4) were half of CCMs deposited over 1-hour
(CCMs 2, 3, and 5) (see Table 4.4). This data suggests an alteration to ionomer
morphology in the 4-hour CCMs, 1 and 4, caused by long periods of time where the
electrode sat at high temperature between the deposition of ultra-thin layers. The
temperature of CL formation in all cases is well below the T4 of the polymer (185 °C),
suggesting this is due to a solvent effect. Since low-boiling solvents including water
evaporate near-instantaneously in all of CCMs 1-5, the cause of the differences in
microstructure between 1-hour and 4-hour CCMs is believed to be low rate of evaporation
of the high-boiling solvent, NMP, from the CL. The differences in Cq also suggest a
possible alteration in catalyst-ionomer surface area without proportionate loss of catalytic
surface area, this could potentially be due to a difference in morphology.

Studies of catalyst ink structure during the solvent evaporation process, backed by
SANS data, suggest a phase inversion that reduces catalyst-ionomer interface.?® Studies
suggest a thin layer of ionomer coats catalyst/support particles and partially peels off
during drying. Phase inversion occurs as the hydrophilic groups of the ionomer re-orient
from the water-containing solvent to other hydrophilic surfaces, e.g. catalyst/support. The
polar NMP potentially disrupts this process by wetting the ionomer and prevents fully
effective phase inversion, possibly increasing the ionomer-catalyst/support interfacial area
without generating more active area. A more effective reduction in the quantity of high-
boiling solvent in the CL during formation allows for a more complete phase inversion of

the ionomer in the drying process.

The improvements in kinetic polarization data for CCM 5 suggest an increased
hydroxide ion concentration at active sites, which may be related to the substantially
increased nanoporosity (Fig. 4.3) increasing catalyst wettability; however, this may also
result in additional mass transport losses.?*’ The increase in nanoporosity may have been

caused by the very rapid loss of low-boiling solvent at 150 °C.

CCMs 1-4 all displayed very similar total porosity (Table 4.3), but substantially
different mesoporosities (Figs. 4.3 & 4.4). In particular, 4 displayed improved mesoporosity
to 3, both fabricated at the same temperature, 120 °C, but no substantial difference in
nanoporosity was observed. The only difference between these was the degree to which

the presence of high-boiling solvent was reduced.
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One remaining question from this study is whether low-mesoporosity CCMs
operate as stably as higher-mesoporosity CCMs. Calculations where fully hydrated
ionomer would result in more than 100% of the actual CL volume being filled have been
similarly calculated for cathodes containing hydrocarbon proton-exchange ionomers after
annealing caused by high-boiling solvent in the catalyst ink.1® The logical conclusion is
that the ionomer in the CL operates at an effectively reduced hydration state under these
circumstances, problematic for AEMs that significantly decrease in chemical stability at
lowered water contents. Therefore, it is likely that low mesoporosity likely prevents any
stable anion-exchange ionomers in situ and contributes to AEMFC instability, which
highlights the need to understand each porosity regime in electrode studies.

High-resolution SEM, a standard qualitative analysis of catalyst layer formation,
was used to gain understanding of morphology of CLs before and after fuel cell operation.
The macroporous scale (Fig. 4.1, top row) probes the pores between aggregates.?” This
revealed smaller feature sizes in CCM 4, corresponding to improved electrode
conditioning and overall water management. This suggests that the morphology of the
catalyst layer is changing during conditioning. CCM 2 appeared to have very few
mesopores relative to the other CCMs, but was the only CCM for which significant
annealing was observed. Otherwise, despite resolving the image of individual catalyst
nanoparticles to a scale of ~10 nm, no conclusive differences in CLs were observed at the
meso- and nano-scale. This again highlights the importance of gaining porosity data in

order to understand electrode compositions in the various size domains.

In summary, AEMFC CL microstructures can be rationally controlled to a
significant degree by way of factors other than catalyst ink composition, i.e. by controlling
the method, time, and substrate temperature of CL deposition, which may lead to
substantial gains in fuel cell performance and stability. Further studies structure-properties
relationships of anion-exchange ionomers will serve to extend the lifetime of AEM

electrodes.

4.4. Conclusions

Reducing the presence of high-boiling solvent in catalyst inks during electrode
formation is shown to substantially improve the Ohmic and mass-transport regimes for

FAA-3-based AEMFCs, with maximum power densities increasing from 276 to 428
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mW-cm2, under zero gas backpressure. These improvements can be directly correlated
to an increase in mesoporosity of the catalyst layer (CL). Increasing the nanoporosity of
the CL was found to have a positive impact on kinetic-region performance but induced
additional mass-transport losses under higher current loads. CLs possessing the highest
mesoporous area led to the highest AEMFC power densities, significantly larger than
previous report values for FAA-3 under similar conditions. This study highlights the need
to develop anion-exchange ionomers that are soluble in low-boiling solvents in order to
further enhance AEMFC fuel cell electrochemistry and a greater need to develop ex situ
characterization methods, e.g., conductivity, dimensional swelling, and temperature
stability under conditions relevant to fuel cell operation, in order to more accurately

evaluate emerging anion-exchange membranes and ionomers.

4.5. Critical Discussion

While this work was undertaken some time ago and achievable power densities
have increased drastically, this work still represents the highest power densities achieved
with FAA-3 in the literature and remains among the very few works to have separately
examined AEMFC catalyst layer morphologies experimentally. The conclusion that
achieving high mesoporosity as a potential means of directly enhancing mass transport,
predominately of water out of the anode for enhanced potentials at higher current densities
and water into the cathode for enhanced reaction kinetics, has been borne out directly by
more detailed studies concluding increased void volumes were confirmed to be related to
potential gains at high pressures.?*® Enhancements to achievable power densities resulted
from several studies into electrode hydrophobicity, GDL composition and interactions that
concluded anode flooding was the major mass transport limitation to AEMFC systems.
This was recently thoroughly addressed by an alternative method of forming electrodes
recently pioneered by Mustain, Varcoe, & coworkers. Instead of forming a catalyst ink to
mix ionomer and electrocatalyst, their method mixes these in the solid-state, grinding up
insoluble membrane as a catalyst agglomerate ionomer-like coating, forming highly
heterogeneous, very high void-space membranes. Such electrodes have demonstrated
an ability to enhance achievable mass transport significantly and set record power
densities in both oxygen and CO.-free air without backpressure.?®® While better
understanding the catalyst layer morphology, ionomer-catalyst interactions,

hydrophobicity/hydrophilic effects will be a difficult challenge, investigating this radical new
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approach to catalyst layer formation is now significantly of interest to the field, with the
open question being whether these electrodes can be made long-lived and reproducible.
If stability and longevity are achievable, this method may dominate AEMFC anodes if not
whole-cell constructions for some time. Even if this proves not to be the case, it makes a
strong case that nanostructured thin-films, potentially ionomer free, offer great potential
for large enhancements to AEFMC performance. Any normally formed CCM will require
ionomer, GDL, overall electrode composition, and membrane all tuned for ultra-high water
transport from the anode.

With respect to traditionally formed CLs, ionomer stabilization has been minimally
addressed by academia; this has been shown to be highly impactful to AEMFC lifetimes
for some time?*? and are a logical extension of any work on catalyst layer ionomer stability.
However, applications of this strategy have been few and improvements on this method
in the past decade have been slow and incremental.?®°

A number of other important developments have begun to address concerns raised
in this chapter. A new membrane test method for determining hydroxide conductivity free
of carbonates is proving to be consistent and effective in correcting the disparity between
in situ and ex situ conductivity measurements.?262 Advanced imaging is resulting in a
greatly enhanced understanding of the effects of carbonation and an improved theoretical
understanding of water transport as it relates to in situ AEMFC stability, particularly
pertinent to ionomer in the cathode catalyst layer.5>2¢® Translation of the theoretically
enhanced ORR kinetics in AEMFCs into measurable efficiencies higher than PEFMCs is
being been achieved alongside rapid enhancements to both ORR and HOR catalysts in
alkaline environments.?%* Promising advances in PGM-free alkaline membrane water
electrolysis are also being achieved with equivalent efficiencies to PEM-based systems,
with the promise of significantly reducing the cost of high-purity hydrogen.?®® Together,
these advancements are addressing all major challenges set for the field in the 2014 key
review®* and the 2016 AMFC workshop.8®

The one major challenge of the 2016 DOE AMFC workshop that remains largely
unaddressed in the field is standardizing in situ methodology. In that category, the only
widely adopted sub-recommendations were the requests that researchers measure
polarization data according to specific current densities rather than potentials to set a

constant reaction rate (i.e. collect amperometric vs. potentiometric polarization data) and
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that systems not exceed 100% RH humidification. The first better resolves the Ohmic
region, which is a complex and not fully understood region in AEMFC operation, in stark
contrast to PEMFCs. The second recognizes that active condensation of water into a
system isn’t achievable beyond the small research scale and doesn’t aid the development
of stable systems for real-world conditions. While it is unlikely conditioning procedures can
be fully standardized due to practical considerations, e.g. titrating the carbonate out of
hydroxide and full hydroxide exchange of membrane and ionomer may need to be
employed occasionally but neither are likely to be necessary for most studies, reporting of
data certainly can be standardized. The workshop recommendation was to ‘report
everything.” While this has improved somewhat, of particular note in the literature are the
still near-ubiquitous short time-scales for polarization curves. Best practices for PEMFCs
are 5 min-pt?, as this is well beyond the threshold for water equilibration to occur at a
given current density. By contrast, typical hold times in AEMFC polarization data are less
than 10% of that, and furthermore hold times are typically not reported clearly in time per
point but as a rate of current density or potential change per unit time (e.g. mV-s™). Steady-
state values (e.g. current hold) are rarely reported. Moving towards longer polarization
time-scales and accurately reporting long-run data is critically important to advancing the
development of AEMFCs.
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Chapter 5. Reducing Interfacial Resistances in Fuel
Cells — a Completely Spray-Coated Membrane-
Electode Assembly

*This chapter apart from the critical discussion has been published as peer-reviewed

research.2¢
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5.1. Background

Membrane electrode assemblies (MEAS) in proton exchange membrane fuel cells
(PEMFCs) are responsible for 35 — 45 % of the costs of a fuel cell stack.?®” Most related
research is focused on cost-reduction of the oxygen reduction catalyst,?8-2"1 or cost-
reduction of the proton exchange membrane,?’2-2"* and little fundamental research has
focused on alternative MEA manufacturing routes as a means of cost-reduction.*?”.144 Two
established manufacturing strategies exist for building MEAs: either a pre-cast polymer
electrolyte thin film is coated with catalyst layers by spray-coating or decal techniques to
form a catalyst coated membrane (CCM), which is then stacked between gas diffusion

media, or gas diffusion electrodes (GDES) are stacked with a PEM foil in between.2”®> Both
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approaches require a free-standing membrane foil, limiting membrane thickness and
causing high production costs from the foil processing of the polymer electrolyte. In
industrial applications, CCM fuel cells are predominantly employed, due to their relatively
better adhesion of catalyst layer and membrane, resulting in higher achievable power

densities and mechanical durability.?%’

Recently, a new approach to MEA fabrication was presented in which thin layers
of polymer electrolyte dispersion were inkjet-printed directly onto two GDEs.'?"14* This
solution-cast polymer electrolyte layers provided a complete substitute for the membrane
foil when the two GDE-polymer electrolyte half-cells were sandwiched together. This new
construction promised a high potential for cost savings by eliminating the foil processing
step. Additionally, it was shown that without the need for free-standing membrane, much
thinner membranes can be formed without the risk of gas crossover (as shown by
accelerated mechanical and chemical stress cycling®). Superior maximum power
densities were achieved by the membrane-foil-free MEAs compared to conventional CCM
references. However, inkjet-printing as a membrane deposition technique is slow, thus
unsuitable for industrial-scale MEA manufacturing. As a result, membrane deposition by
spray-coating was investigated as a fast, facile technique for MEA manufacturing, already
proven viable on the industrial scale. By spray-coating, manufacturing times for a 5 cm2
MEA can be reduced from 10 — 20 minutes to below 60 seconds. Additionally, since
catalyst layers are already spray-coated in many industry-scale MEA production lines,
spray-coating of the membrane does not require any additional tooling for MEA
production. Hence, membrane spray-coating allows for complete MEA production by a

single device.

Altogether, an MEA production route was demonstrated where catalyst layers and
membrane layers are consecutively spray-coated onto a carbon-fiber gas diffusion layer
with applied microporous layer as substrate. To form a fuel cell, anode and cathode half-
cells are assembled with the membrane layers facing each other. A cross-section of the

resultant DMD fuel cell is shown in 4.1b.
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Figure 5.1:  Cryo-fractured cross-sections of the spray-coated DMD fuel cell (b)
and the reference Nafion NR211 CCM (a). The rough surface of the
DMD cross-sections is an artifact from the sectioning procedure,
which occurs when GDL fibers are still attached while fracturing.

A PEMFC constructed by the DMD method was shown to exhibit reduced Ohmic
and mass-transport losses, thereby outperforming a state-of-the-art Nafion NR211-based
CCM reference in terms of cell power and cell resistance, although in both samples the
membrane layers are equivalent in terms of membrane thickness (ca. 25 um); catalyst

layer material, loading, and fabrication method; and gas diffusion media.

5.2. Experimental

A 4 cm2 PEMFC was manufactured by consecutively spray-coating catalyst layers
and ionomer layers directly onto the microporous layer (MPL) of gas-diffusion layers
(GDLs). To form a fuel cell, the resultant anode and cathode half-cells were assembled
with the membrane layers facing each other, with a subgasket used to prevent gas
crossover through the edges of the electrodes.®® As a GDL-MPL substrate, SGL Sigracet
24BC was used. For the spray-coating of the catalyst layer and membrane layer, a
commercially available table-top spray-coater (Sono-Tek Exacta-Coat SC) was used.

The catalyst-ink preparation comprised 1 wt.% solids in 3:1 MeOH:HO, the solids
30 wt.% Nafion ionomer (based on Nafion D520) and 70 wt.% Pt/C (46.4 wt.% Pt, TKK
TEC10ESO0E). A catalyst layer with a Pt loading of 0.1 mg Pt-cm (corresponding to 2 — 3
pm CL thickness) was spray-coated onto the GDL-MPL to form a GDE. This resulted in a
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symmetric loading of each 0.1 mg Pt-cm2 on anode and cathode side. No penetration of
catalyst particles into the MPL by spray-coating was found, as can be observed from the

sharp separation of Pt-C particles from MPL patrticles in Figure 5.1b.

For the membrane coating, commercially available Nafion D520 dispersion was
used. The ink was stirred for several hours to prevent polymer agglomerates. To create a
spray-coated membrane layer with a total thickness of ca. 25 pm, 12.5 pm Nafion was
sprayed onto each anode and cathode half-cell, corresponding to 2.55 mg Nafion-cm2 on
each electrode.

The fuel cell characterization was performed on a fuel cell test station (Scribner
Associates Inc.) with a 5 cm? fuel cell fixture with serpentine flow channels. Galvanostatic
polarization data was recorded with pure H; (0.25 slpm) and O, (0.5 slpm) feed, at 80 °C
cell temperature and 92 % relative humidity (RH) at atmospheric pressure (100 % RH was
avoided to prevent the cell from flooding). Data was recorded at increments of 10 mA/cm?
from OCV to 200 mA-cm2 with hold times of 1 min-pt? to resolve the kinetic polarization,
followed by increments of 200 mA-cm2from 200-3000 mA-cm-2with hold times of 5 min-pt
! to ensure the measurement of steady-state fuel cell characteristics. Electrochemical
impedance spectroscopy was conducted throughout the whole range of current densities
with 0.25 slpm H; and 0.5 slpm O, gas flow at 80 °C and 100 % RH with a frequency range
of 0.1 Hz to 10 kHz. To gain insight into catalyst layer proton conductivty, the cell was
equilibrated to a steady low potential < 0.15 V under 0.25/0.25 slpm H2/N. and impedance
spectroscopy was conducted at 80 °C cell temperature and 30 % RH in a frequency range
of 0.1 Hz to 10 kHz. Linear sweep voltammetry (LSV) was conducted under 0.2/0.05 slpm
H./N», 100 % RH at a rate of 1 mV-s™? from OCV to 600 mV.

A reference Nafion NR211 CCM-type MEA with equal membrane thickness,
catalyst layer composition, and gas diffusion media was used for comparison. The CCM

was tested under the same conditions as the completely spray-coated MEA.

5.3. Results & Discussion

Gas crossover, especially hydrogen crossover from anode to cathode side, limits
cell lifetime and lessens cell performance.'%2’® Hence, it is particularly important for

commercial fuel cells to exhibit as little gas cross-over as possible. Hydrogen crossover
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can be determined in situ by LSV. Typical values for a fully hydrated Nafion NR211
membrane are in the range of 1-2 mA-cm2.%! Figure 5.2a shows the LSVs of the spray-
coated DMD and the CCM fuel cell.
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Figure 5.2: a) LSV data of the spray-coated DMD and the CCM (80°C, 100 % RH,
0.2 slpm Ha, 0.05 slpm N). The crossover current density does not
exceed 1.5 mA/cmz2in the range of 0—0.6 V. b) Cell voltage and power
density over current density of the spray-coated DMD fuel cell and the
CCM reference (80°C, 92 % RH, 0.25 slpm Hz, 0.5 slpm Oy).

Both samples show a crossover current density less than 1 mA-cm2. This shows
that the spray-coated membrane is no less gas impermeable than the commercial Nafion
NR211 membrane. In addition, no electrical shorting was identified (observed in LSVs as
a linear increase of the current density with increasing cell voltage), proving excellent

electrical insulation between electrodes by the spray-coated membrane.

Polarization and power density data comparing the completely spray-coated DMD
fuel cell and CCM reference are shown in Figure 5.2b. A 1.39 times higher cell power
density of the DMD fuel cell when compared to the CCM reference is observed. This result
is surprising, since equally thick membranes and equal catalyst layers with respect to
catalyst (46.4 wt.% Pt/C) at low loading (0.1 mg Pt/cm?) were used in both samples. These
similarities would normally engender very similar fuel cell performances. The equally thick
membranes result in a similar high-frequency resistance in the range of 41 — 43 mQ-cm?

in the Ohmic region of the polarization at a current density of 1.5 A-cm? (determined by
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the high frequency intercept of the Nyquist plot, as also shown in Figure 5.2b). The
similarity (in terms of loading) of the catalyst layers is evident given the similar kinetic
polarization of the spray-coated DMD fuel cell and the CCM in the range of 0 — 250 mA-cm’
2, A decreased effective charge-transfer resistance Rir.1r can be identified throughout the
whole range of current densities, to which the higher achievable power densities may be
attributed. Here, Rirwr is defined as the subtraction of the high frequency resistance
intercept with the real axis from the respective low frequency resistance, as determined
from the Nyquist representation of EIS measurements.

Rir-wE consists of charge transfer limited resistances at lower current densities, but
contains contributions from oxygen transport resistance at high current densities. This
leads to a characteristic evolution of R r.nr With current density, where R r.ur decreases
with increasing current densities until purely Ohmic losses dominate. With further
increasing current density, R.r.1F inCreases again, as resistances from oxygen transport
limitations are present. Such an evolution is shown for the DMD and CCM fuel cell in
Figure 5.3b, while Figure 5.3a shows the Nyquist plots of the impedance spectra at current

densities of 1, 2 and 3 A-cm™2.
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a) Nyquist representation of EIS data of the spray-coated DMD and
the CCM reference at 1, 2 and 3 A-cm™2. It is revealed that the DMD
inhibits a generally lower Rirnr, Which is especially pronounced at
higher current densities. b) Fully resolved evolution of R.r.+r Over the
whole range of current densities.
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It is revealed that the DMD inhibits an overall lower charge transfer resistance (92
mQ-cm? at 1.5 A/cm?, 133 mQ-cm? at 3 A/cm2) compared to the CCM reference (149
mQ-cm? at 1.5 A/lcm?, 503 mQ-cm? at 3 A/cm?). This effect is especially pronounced at
higher current densities, leading to the assumption that in this state of operation, oxygen
diffusivity is favored compared to the CCM reference. This most likely originates from
differences in water management within the catalyst layers of DMD and CCM, where it is
assumed that flooding of pore space in the catalyst layer hinders oxygen diffusion
throughout the catalyst layer. Water management can be influenced by operational
conditions, back diffusion through the membrane, and catalyst layer morphology. Since
operation conditions and membrane thickness are equal in both samples, it can be
assumed that either the CL/PEM interface or the catalyst layer morphology of the DMD
fuel cell improves water management. It is therefore theorized that the CL/PEM interface
of the DMD fuel cell enhances water back-diffusion — likely due to a higher electrolyte
contact area between CL and PEM — or that the CL of the DMD reveals a pore matrix that
is more favorable for water removal. The latter would also hold true for the CL of a GDE
MEA with a conventional membrane foil. In this case however, the disadvantageous

interface of membrane and CL hinders good fuel cell performance.

Subsequent work on DMDs consisting of a detailed in operando EIS study of CCM,
DMD, and GDE electrodes attempted to quantify the attributions presented above. DMDs
exhibited a 52% reduction in ionic resistance compared to CCMs, from both a lowered
membrane resistivity from an improved hydration state and reduced membrane-CL-
MPL/GDL contact resistance effected by the construction methodology itself. However,
the reduction in ionic resistance accounted for only 10% of the improvement to attainable
power density, with reductions to mass transport losses accounting for 90%, primarily
effected by enhanced water transport, including back-diffusion of water from the
cathode.?”” It is suggested that a combination of improved interfaces and a reversed
porosity gradient from catalyst layer deposition on the GDL/MPL rather than on the
membrane (e.g. GDE-type rather than CCM-type) together enhance back-diffusion
through the membrane, a combination only achievable with a DMD-type fuel cell

construction methodology.

In order to evaluate the impact of the direct membrane deposition on catalyst layer
proton conductivity, electrochemical impedance spectroscopy with an N»-purged cathode

has been performed.1428 Since in the DMD fuel cell production a liquid Nafion dispersion
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is spray-coated directly onto a porous catalyst layer, it is possible that a certain amount of

Nafion dispersion infiltrates into the pore space of the catalyst layer, potentially changing

its protonic transport characteristics. Figure 5.4 shows the impedance spectra of the DMD
and CCM fuel cells.

Figure 5.4:
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H./N, impedance spectra of the spray-coated DMD and the CCM
reference fuel cells. Operation conditions were H2/N2 0.25/0.25 slpm
fixed flow, 80°C, 50% RH, ambient pressure. Catalyst ionic resistance
accordingly are 63 mQ*cm? (CCM) and 57 mQ*cm? (DMD), which is
comparable given the limited accuracy of the fit.

The protonic resistivity is revealed to be comparable in both fuel cells (DMD: 57

mQ-cm?2, CCM

: 63 mQ-cmz2. Calculated by three times the x-axis projection indicated in

Figure 5.4.164278) This indicates that negligible polymer electrolyte infiltrates the catalyst

layer pore space in the deposition of the proton exchange membrane layer.
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5.4. Conclusions

A proton exchange membrane fuel cell was constructed by consecutively spray-
coating a catalyst layer and a proton exchange membrane layer directly onto a GDL/MPL
substrate. This eliminates the need of expensive proton exchange membrane foils and
presents a versatile technique by which MEAs can be inexpensively manufactured on the
industrial scale with the potential to include additives into any layer and to develop
asymmetric cells using a single system. Compared to a Nafion NR211 CCM reference,
the equivalent spray-coated fuel cell with equal membrane thickness, catalyst material
and loading exhibited a power density of 1.29 W/cm?2, outperforming the NR211 reference
by a factor of 1.39. The origin of the superior performance was identified to be enhanced
oxygen diffusivity throughout the entire range of current densities. Linear sweep
voltammetry has proven the hydrogen impermeability and electrical insulation of the spray-
coated membrane to be equal to that of the commercial Nafion NR211 membrane.

For the presented method for fuel cell manufacturing, nothing but a spray-coating
device, a gas diffusion substrate, catalyst powder, Nafion polymer (powder, pellets,
dispersion or any other form) and solvents are needed. Fuel cells can be manufactured
up to industrial scale throughput without the necessity of purchasing costly membrane foils
from third-party suppliers. The presented technique is especially interesting for
hydrocarbon polymer electrolytes, where a much lower intrinsic gas cross-over allows the
application of thinner membranes, leading to decreased cell resistance. Further, the
technique is not restricted to proton exchange fuel cells, but can also be applied to any
electrochemical device requiring MEAs, including anion exchange fuel cells and both

acidic and alkaline membrane electrolyzers.

5.5. Critical Discussion

This paper established ‘direct membrane deposition’ as a technique of interest to
large-scale manufacturing. Prior work using inkjet printing of membranes was not scalable
for several reasons, including issues with reproducibility that would result in a high scrap
rate at scale, difficult to scale equipment, and high fuel and electrical crossover (or low
electrical membrane resistance).?’® Furthermore, system simplification in scale production
is highly desirable, the main reason that significant resources were put towards the

development of roll-to-roll catalyst layers deposited on a membrane substrate by slot-die
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casting. Inkjet printing of electrodes can be a viable way of producing electrodes given
low-boiling solvents and extensive optimization of dielectric constant. However, the DMD
method used spray-coated electrodes to achieve greater maximum power densities and
consistent reproducibility. As a result, by the original method, two pieces of equipment
were needed to produce a MEA — a spray coater for electrodes and an inkjet printer
capable of processing high-viscosity, high wt% polymer dispersions. Inkjet printing of
membrane required a piezoelectric printer designed for single-cell biotechnology
applications to achieve the granular control. Despite this, the droplet volume was quite
large. The only way to reduce crossover was to use a high wt% polymer dispersion, and
that then required a single deposition layer to achieve a final membrane layer as thin as
desired. The printer tubes were difficult to prime, clogged frequently, and needed to be
replaced often. Because achieving viable low crossover values required the successful
deposition of a single layer, if alignment was lost or the printer head jammed, the entire
electrode was lost.

Spray-coating addressed all of these issues. Spray-coated DMDs reveal enhanced
water transport far greater than the small gain shown by increased membrane surface
roughness, more rigorously determine the reduction in PEM|CL interface resistance, and
indicate that the ‘inverted’ catalyst layer assisted in creating an MEA with a catalyst layer

porosity gradient more facile to mass transport.181:277.280
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Chapter 6. Conclusions and Future Work

The work presented in Chapter 3 conclusively demonstrates that even very small
guantities of high-boiling solvents (0.38%) anneal catalyst layer microstructure and
substantially alter ionomer-catalyst/catalyst support interactions, with a concatenation of
effects on the fuel cell in operando. In PEMFC cathodes, a direct comparison between
catalyst inks comprised of low-boiling solvent and those containing small quantities of
high-boiling solvent. This study revealed that high-boiling solvent anneals catalyst layers

and results in increased Ohmic and mass-transport losses.

Combining these insights with subsequent work in the field, it is clear that the bulk
properties of the ionomer (chemical stability, water uptake/swelling) and likely thin-film
properties (e.g. transport properties in a thickness domain where nanophase segregation
is difficult to impossible) — are insufficient to determine a construction for well-formed, high-
efficiency electrodes, even when electrocatalyst/catalyst support is a set choice. The
correspondence further decreases with low catalyst loadings and/or for cells designed to
operate at high current densities. Solvent composition, deposition methodology, and
interactions between the ionomer-catalyst/catalyst support all need to be optimized in

concert to create consistently well-formed electrodes.

Compared to PFSAs, fully hydrocarbon sulfonated polyarylene structures as
developed within the Holdcroft group possess solubility in low-boiling alcohals, rigid
structures, high achievable ionic conductivities, promising oxygen permeabilities, innately
high chemical stabilities, low-acidity breakdown products, and potentially tunable
interactions with the catalyst support. Altogether, these should be investigated to
overcome the limitations PFSAs exhibit, particularly towards the potential development of
longer-lived, higher efficiency catalyst layers with low loadings of precious metal
electrocatalysts or entirely non-precious catalysts (e.g. Fe-N-doped carbon structures).
The differential interaction with advanced carbon supports (e.g. CNTs) or metal supports

(e.g. Sn) should be additionally investigated, ideally aligning.

Chapter 4 presented the tunability of microstructure in AEMFCs, where
mesoporosity, the total internal volume between ~20-100 nm, was found to be tunable as
a function of the residence time of high-boiling solvent in the catalyst layer during

deposition. Specifically, mesoporosity has significant impact on both the Ohmic and mass
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transport properties of these systems. Mesoporosity was confirmed to significantly affect
water management in the electrode and was shown to be highly susceptible to solvent
annealing. This annealing resulted in significantly reduced limiting current and peak power
densities, and AEMFC lifetimes were reduced considerably. These factors are a result of
the highly complex water management involved in AEMFC systems and the present
necessity of full hydration to minimize membrane and ionomer degradation from hydroxide

attack.

This result also strongly suggests the deposition method of the catalyst layer
primarily determines its pore structure than the dielectric constant of or aggregates within
the catalyst ink, of importance to the methods and conditions used in the mass
manufacture of PEMFCs and AEMFCs, as well as catalyst layers generally.

In the past few years, materials development papers that include AEMFCs and
catalyst layer specific papers have been preoccupied with achieving high power densities,
particularly of note those using high-flux, heterogeneous catalyst layers. The attainment
of higher power densities in CO,-free air in these systems than in PEMFCs is unsurprising
given the more facile kinetics of the ORR in alkaline versus acid as discussed in the
introduction. However, using this technique, not only are system lifetimes untenably short,
but system stability is markedly lower than in PEMFCs — stable balancing with
backpressure is effectively impossible, and RH needs to be very carefully managed (i.e.
within 1%) to cusp of flooded and dry states; the former reducing system efficiency far
below desired (e.g. ¥ or less of the achievable power density), and the latter completely
destructive to the ionomer and, if the state is extended, to the membrane, even for very
stable base materials. For industry to trust academic data, not only does ‘gold standard’ 5
min-pt! data need to become the standard as suggested, but long-runs need to be
valorized in the focus of the field. Existing long-run data in the literature bespeaks the large
gap between polarization data measured transiently and potentials achieved in long-term,
steady-state data, e.g. a 100-200 mA-cm steady-state hold is not uncommon for systems

capable of short-duration polarization data extending beyond 2 A-cm™.

Industry presentations indicate that long-lived and efficient AEMFCs can be formed
of an ultra-thin, high-flux membrane to back-diffuse the double-quantity of water produced
at the anode in combination with differential catalyst layer design. In addition, GDL/MPL

tuning, and gas manifolds designed for even gas flows and electrode hydration state are
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vital, although this is beyond the usual scope of materials-discovery groups. Finally,
differential tuning of anode (hydrophobic) and cathode (hydrophilic) catalyst layer
compositions, potentially including chemically stabilized ionomers, can be highly effective.
Altogether, a combination of all these strategies is hecessary to achieve long-term, whole-

system function.

In the short-term, however, liquid fuels (e.g. alkaline DMFCs) offer several
advantages to the advancement of AEM-based fuel cell technologies as a whole. A long-
term developmental focus would be to use these fuels at high temperature, with fuel feeds
as a vapour, harnessing the kinetic advantages high temperature provides. However, this
strategy adds additional difficulties to that of hydrogen AEMFCs such as depolarization by
fuel crossover, worse kinetics for fuel oxidation, and CO; production leading to carbonate
formation in situ. By contrast, liquid-based systems offer a potential large advantage,
specifically a chance to develop the cathode ORR separately while maintaining very high
membrane hydration and water back-diffusion for cathodic operation and system lifetime
without the highly variable effects of anode flooding. One exciting possibility that exists in
alkaline systems without an acidic analogue stems from the relative non-susceptibility of
electrocatalyst in alkaline to fouling and the potential to add conductive salts such as
carbonate or hydroxide into the liquid fuel feed, e.g. 5 wt% MeOH with 1M KOH. This
opens up the possibility not only for ionomer-free anodes with nanostructured catalysts
without RH being a consideration, but potentially also for the development of ultra-thick
anodes that are low-resistance when flooded, to increase the active band of
electrocatalyst in a similar strategy to flow battery electrodes. Longer-term, in hydrogen
fuel cell systems, bipolar membrane systems, where AEM and PEM interfacially adhered
or otherwise blended to form a single membrane, offer the potential to pair the facile
kinetics and highly developed acidic anode with the enhanced ORR activities and non-
precious catalysts employable in the alkaline cathodes, together with a self-hydrating

system for even greater back-diffusion attainable to the cathode catalyst layer.

Chapter 5 presented direct membrane deposition (DMD) onto electrodes as a
method to reduce overall interfacial resistivity in fuel cells and allow easy integration of
additives to any layer therein was adapted to conditions suitable for mass manufacture.
As above, this construction is particularly desirable in the further development of
electrodes with low precious metal contents, and the method itself can be further improved

for this application — proof of concept work | conducted suggests the addition of a blocking
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layer reduced the penetration depth of cast membrane, making this method suitable for
catalyst layers < 2 um. Additionally, this construction allows additives (e.g. cerium oxide
for radical scavenging or PTFE dispersion to enhance hydrophobicity) or supports (e.g.
electrospun PVDF or PEEK) or custom, differentiated compositions to be added to any
layer of the fuel cell — GDL, MPL, electrode, or membrane; furthermore, these
compositions can be differentiated between anode and cathode. This could allow much
more rapid and site-differentiated studies on the impacts to lifetime and stability fully
hydrocarbon membranes and ionomer could achieve in PEMFCS.

DMD construction is also highly pertinent to the development of hydrogen AEMFCs
in particular, where overall system stability is still a concern. Likely the high back-diffusion
effected by DMDs is the origin of the significant stabilization found in initial proof-of-
concept work, and DMD was the method recently employed on systems based on HMT-
PMPI, a base material stable in 10M KOH at 100 °C.28!

Altogether, as materials continue to be developed for PEMFC and AEMFCs and
fully hydrocarbon ionomers move from the academy to industry, connecting the innate
structure-property relations of ionomers to their interactions with electrocatalyst in situ
remains highly pertinent to guide future materials discovery efforts, and the further
investigation of the DMD constructions both to address significant challenges more difficult
to address with other constructions and for its unprecedented ability to isolate variables
for study in full MEAs.
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Appendix A. Reversible Cell Potentials in Relevant

Conditions by Nernst Equation

Temp Temp PH2 Po2 E., PH20 E.,
/°C /K fatm | /atm amzo | H20¢) /atm H20(g)
0| 273.15 1 1.000 1 1.229 | 0.006 1.18(0)
60 | 333.15 1 0.209 1 1.226 | 0.197 1.17(7)
60 | 333.15 1 1.000 1 1.229 | 0.197 1.18(0)
60 | 333.15 3 0.628 1 1.230 | 0.197 1.18(1)
60 | 333.15 3 3.000 1 1.233 | 0.197 1.18(4)
80 | 353.15 1 0.209 1 1.226 | 0.467 1.17(7)
80 | 353.15 1 1.000 1 1.229 | 0.467 1.18(0)
80 | 353.15 3 0.628 1 1.230 | 0.467 1.18(2)
80 | 353.15 3 3.000 1 1.233 | 0.467 1.18(4)
120 | 393.15 1 0.209 1 1.226 | 1.000 1.17(7)
120 | 393.15 1 1.000 1 1.229 | 1.000 1.18(0)
120 | 393.15 3 0.628 1 1.230 | 1.000 1.18(1)
120 | 393.15 3 3.000 1 1.234 | 1.000 1.18(5)

Table Al: Reversible cell potentials calculated from the Nernst equation in
relevant conditions for temperature and pressure in an operating low-temperature

fuel cell.
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Appendix B. Comparison of PFSA and Hydrocarbon
IECs

While hydrogen and fluorine atoms are very different with respect to their chemical
properties, their physical sizes are quite similar. As a result, PFSAs and hydrocarbon
materials could be close analogues spatially and functionally, but the PFSA will have a far
higher mass per unit volume in the hydrophobic domain due to the ~19x heavier fluorine
atoms in the place of hydrogens, that isn’t fully accounted for by the differential in density
(~2 for PFSAs and ~1.3 for sulfonated hydrocarbon PEMSs). As a result, IECs for high-
performance PFSAs are found in the 0.8-1.2 meq-g* range, while IECs for high-
performance hydrocarbons are in the 2.25-3.5 meg-g* range. As a result, no studies
cross-compare properties of these materials. However, replacing fluorines allows the
calculation of a ‘hydrocarbon equivalent IEC’ that roughly aligns IEC-related properties

between these two classes of materials.

Hydrogen Fluorine | Oxygen | Sulfur
Atomic Radius (pm) 53 42 48 87
Covalent Radius (pm) 31 57 66 105
Van der Waals Radius (pm) 120 147 152 180

Table B1: Physical properties of selected atoms.

A) — (CFCF) CF.CF— Nafion®
' EW 1100, m=6.6
OCF,CFOCF,CF,SO H
CF,
B) — (CF,CF) CFCF— Aquivion®
| EW830,n=5.5
OCF,CF,SOH
C) — (CFCF) CF,CF — IM™
| EW 850, p=4.7
OCF,CF,CF,CF,SO,H

Figure B1: Common formulations of perfluonirated sulfonic acids (PFSAS),
including A) the archetypal, long-chain Nafion, B) the archetypal short-chain
PFSA, Solvay’s Aquivion, and C) 3Mion, an early attempt at reducing side chain
length.

139



Main repeat unit Main repeat unit
2 Carbons, 4 Fluorine, m =
6.6 2 Carbons, 4 Hydrogen, m = 6.6
Nafio | Side Chain repeat unit Nafion Side Chain repeat unit
n 7 Carbons, 1 Hydrogen, 13 | 1100 F —
1100 | Fluorines, 5 Oxygen, 1 H 7 Carbons, 14 Hydrogen, 5
Sulfur Oxygen, 1 Sulfur
Sum: 1104.297 (EW) Sum: 368.800 (EW)
IEC = 1/EW = 0.91 meq-g™* IEC = 1/EW = 2.71 meq-g™*
Table B2: Simple calculation of IEC vs. the hydrocarbon equivalent IEC, IECHeq.
IEC IECheq
PFSA (meg:g?) | (meq-g?)
Nafion 1100 (D521, D2021, N211,
N212, N115, N117, N1110) 0.91 2.71
Nafion 1000 (D520, D2020, N105) 1.00 2.90
Aquivion 830 1.21 3.52
Aquivion 870 1.15 3.40
3Mion 850 1.08 3.20

Table B3: Results of IECHeq for common PFSASs.
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Appendix C. Surface Area of Pt Nanoparticles &
Produced Water

300
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Figure C1: Nanoparticle surface area as a function of nanopatrticle diameter for
modelling spherical nanopatrticles.

Results for surface area calculated by the equation:

4mr?
SA = 2
3 Ppe

(D1)

Where Pt density, p = 21.45 g-cm3. Notably, the common TKK 10e50e has a nominal

nanoparticle diameter of 5 nm.

Water production per unit area of cathode is a function of current density. This can be
used to describe the amount of water produced per unit time in terms of the thickness of
the catalyst, i.e. water volume over infinitesimal area becomes water production as a

distance in the z-direction over time, by the equation:
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]CMHzo

Rh20 =
nNAszOP

Where water production rate, Ru2o (z-direction in the CL filled with water per unit time,
converted into units of um-s?) is a function of J, current density, e.g. 1 A-cm? with
constants C, the definition of the Coulomb, 6.24-10% e"-C%; n representing the number of
electrons required per water produced, e.g. 2 e required per H,O produced in the acidic
ORR (see eq. 1.1 for acidic cathode and 1.4 for alkaline anode water-producing reations);
Mh20, the molecular weight of water, 18.016 g-mol-1; Na, Avogadro’s number, 6.022-1023
mol-1; puz20, the density of water at 80 °C, 0.9718 g-cm3; and Pc. the percent free volume
in the catalyst layer in question as a measure of porosity e.g. 0.6 (60%). For the examples
listed, a PEMFC operating at 1 A-cm and 80 °C would fill 0.8 pm-s? of a 60% porous

catalyst layer.
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Figure C2: Water produced per unit area in acidic conditions of a water-
producing CL (e.g. PEMFC cathode), A) as a function of CL porosity, showing
three typical current densities in an operating fuel cell with vertical line
representative of a well-formed CL and low-swelling ionomer; and B) as a
function of current density showing three different typical free volumes /
porosities, with vertical line representative of high power density operation in air
in commercial systems.
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Appendix D. Additional Manuscripts

PEMFC-Focused

4) T.J.G. Skalski, B. Britton, T.J. Peckham, and S. Holdcroft, "Structurally defined, sulfo-
phenylated, oligophenylenes and polyphenylenes." J. Am. Chem. Soc., 137(38), 12223-
12226 (2015).

BB: All work related to the integration of hydrocarbon PEM membranes into fuel cells with
in situ and ex situ electrochemical characterization; catalyst layer study conducted but to

be incorporated in a subsequent work.

5) H.F. Lee, B. Britton, Y.C. Huang, P-H Wang, Y.Y. Hsu, Y.C. Tseng, P.C. Huang, C.C.
Lee, S. Holdcroft, and W.Y. Huang, "Effect of Ketone vs. Sulfone Groups on the Properties
of Poly(arylene ether)-Based Proton Exchange Membranes" J. Mater. Sci., 51(21), 9805-
9821 (2016).

BB: All work related to the integration of hydrocarbon PEM membranes into fuel cells with

in situ and ex situ electrochemical characterization.

6) M. Adamski, T.J.G. Skalski, B. Britton, T.J. Peckham, L. Metzler, and S. Holdcroft,
“Highly Stable, Low Gas Crossover, Proton-Conducting Phenylated Polyphenylenes”
Angew. Chem. Intl. Ed., 129(31), 9058-9061 (2017).

BB: All work related to the integration of hydrocarbon PEM membranes into fuel cells with
in situ and ex situ electrochemical characterization; catalyst layer study conducted but to

be incorporated in a subsequent work.

7) H.F. Lee, M. Killer, B. Britton, Y. Wu, H.D. Nguyen, C. lojoiu, and S. Holdcroft, “Fuel
Cell Catalyst Layers and Membrane-Electrode Assemblies Containing Multiblock
Poly(arylene ether sulfones) Bearing Perfluorosulfonic Acid Side Chains,” J. Electrochem.
Soc., 165(10), F891-F897 (2018).

BB: Initial work in the project integrating and characterizing hydrocarbon materials as CLs,

membranes, and attempts at fully hydrocarbon systems in situ; training.
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8) T.J.G. Skalski, M. Adamski, B. Britton, E.M. Schibli, T.J. Peckham, T. Weissbach, T.
Moshisuki, S. Lyonnard, B.J. Frisken, and S. Holdcroft, “Sulfophenylated Terphenylene
Copolymer Membranes and lonomers,” ChemSusChem, 11(23), 4044-4043 (2018).

BB: All work related to the integration of hydrocarbon PEMs into fuel cells, as both
membrane and ionomer to create fully hydrocarbon fuel cells, with in situ and ex situ
electrochemical characterization; a catalyst layer and membrane with reference

electrodes study also conducted but to be incorporated in a subsequent work.

AEMFC-Focused

9) A.G. Wright, J. Fan, B. Britton, T. Weissbach, H-F. Lee, E.A. Kitching, T.J. Peckham,
and S. Holdcroft, "Hexamethyl-p-terphenyl poly(benzimidazolium): a universal hydroxide-
conducing polymer for energy conversion devices," Energy Environ. Sci., 9, 2130-2142
(2016).

BB: All work related to the integration and characterization of hydrocarbon membranes
and catalyst layer into fuel cells and alkaline membrane electrolyzers, including the
development of both in situ and ex situ conditioning protocols; the development of lifetime
and performance characterization methodologies; in situ electrochemical and ex situ
physical characterization; construction of and method development for the alkaline
membrane electrolysis test system; AEM water electrolysis MEA fabrication and

subsequent electrochemical characterization using the test system.

10) M. Klingele, C. Van Pham, K.R. Vuyyuru, B. Britton, S. Holdcroft, A. Fischer, S. Thiele,
“Sulfur doped reduced graphene oxide as metal-free catalyst for the oxygen reduction
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