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Abstract

Perfluorosulfonic acid (PFSA) based ionomers such as Nafion® are the technological
standard for use in state-of-the-art proton exchange membrane water electrolysis
(PEMWE) because of its high proton conductivity and excellent mechanical, chemical,
and thermal stability. However, increasing environmental concerns with fluorinated
polymers and safety issues associated with high gas crossover in PEMWE systems call
for alternatives to PFSAs. A wholly hydrocarbon-based PEM sulfonated phenylated
polyphenylene biphenyl (sPPB-H*), which has already been employed in proton
exchange membrane fuel cell (PEMFC) systems is considered a candidate material for
PEMWE as it exhibits high proton conductivity and mechanical robustness. The
validation of sPPB-H* as a membrane and ionomer applied in the catalyst layer in
membrane electrode assembly (MEA) structures is evaluated in an electrolyzer cell.
When using Nafion D520™ in the catalyst layer, a SPPB-H* membrane yields better
energy efficiency than a reference Nafion™112 membrane. The enhanced energy
efficiency is attributed to significantly lower ohmic resistance. The use of sPPB-H* as
ionomer is also investigated, where maximum efficiency is achieved by determining the

optimal ionomer content.

The stability of MEAs in electrolyzers is studied by monitoring the voltage change
at a constant current density. Degradation mechanisms of MEAs are elucidated using
polarization curves, EIS and hydrogen gas crossover measurements. Initially, sPPB-H*
membranes yield substantial lower gas crossover compared to the Nafion 112
membrane. As PPB-H" is prone to radical attack, the membrane develops pinholes
allowing increasing gas crossover. The rapid performance decay (i.e., much higher
voltage evolution rate) of wholly hydrocarbon sPPB-H* based MEAs is initially caused by

severe catalyst loss and increasing gas crossover due to thinning of the catalyst layers.

The results presented here demonstrate sPPB-H" as a promising material for
application in water electrolysis and suggest future research should focus on mitigating
chemical degradation and reducing dimensional swelling of the membrane in order to

enhance its operational stability.

Keywords: PEM water electrolysis; hydrocarbons; sulfonated poly(phenylene);

ionomer; membrane electrode assembly; gas crossover
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Chapter 1.

Introduction

1.1. Water electrolysis

1.1.1. Hydrogen produced by water electrolysis: a brief background

Fossil fuels are the dominant energy resource and have driven global
technological, social, and economic development since the Industrial Revolution.
Between 2013-2020, fossil fuels accounted for > 80% of global energy demand. The
massive consumption of petroleum, coal and natural gas, the limited nature of these
fossil fuels and related environmental issues such as greenhouse gas emissions are
calling for a shift to clean renewable energy sources. However, the intermittent nature of
renewable energies like wind, solar, and hydroelectric, prevents them from providing
sustainable energy in a continuous manner. Therefore, systems which permit renewable
energy to be stored when it is in surplus, and to be released upon demand, are widely
considered to be solutions to this dilemma, improving the reliability, quality and

economics of renewable energy."?

Hydrogen is considered one of the best solutions for surplus energy storage from
intermittent power sources such as wind and solar electricity. Hydrogen has high energy
content (118 MJ kg', 298K) which is two or three times higher than most other common
fuels (e.g., gasoline 44 MJ kg'). Hydrogen can also be stored in gaseous or liquid form
for long distance transport and used directly as a fuel for heating, transportation, in the
chemical industry or oxidized to water in a fuel cell, converting the stored chemical
energy into electricity."23 The technology that enables hydrogen to bridge renewable

electrical generation and end-use application is water electrolysis.

Water electrolysis can generate high-purity hydrogen in large quantities using
electricity. There are two commercially available low-temperature water electrolysis
technologies —alkaline water electrolysis (AWE), and proton exchange membrane water

electrolysis (PEMWE). Anion exchange membrane water electrolysis (AEMWE) which



could combine advantages of both alkaline water electrolysis and PEMWE, is still a

developing technology.' 234

Alkaline water electrolysis has existed since the late 1800s and developed in
1920s and 1930s to produce hydrogen at scales of 10,000 Nm? h-! (the prouction rate
was measured at standard condition of 0 C and 1 atm). Today, sizeable alkaline water
electrolysis plants exist, for example, at Aswan Dam in Egypt, Nangal in India, Glomfjord
in Norway and Trial in Canada.>® Commercial alkaline water electrolyzer stacks typically
contain 2 to 300 or more cells connected and operate at current densities around 200 to
500 mA cm?at 80 C and 1.8 V.”® Alkaline electrolyzers are operated by circulating
concentrated KOH at each electrode, separated by a porous diaphragm separator,
typically made of non-electron conductive Zirfon™. A big gap between two electrodes
results in high ohmic resistance, limiting operating current density and bulky stack
designs to meet hydrogen production demand. Additionally, as the diaphragm cannot
wholly prevent gas crossover, alkaline KOH electrolyzers are usually operated at
atmospheric or low pressure (< 30 bar), resulting in further energy costs associated with
downstream H, compression.>® Proton exchange membrane (PEM) electrolyzers
replace the separator with a thin solid polymer electrolyte PEM, solving some of these

issues.

The first PEM electrolyzer system was developed by General Electric in 1955
and the technology was sold to Hamilton Sundstrand in 1985 for space and submarine
applications.® Current manufacturers of PEM stacks for example include Giner Inc (US),
UTC Aerospace Systems (US), NEL (Norway), Hydrogenics (CA), Siemens (DE), Norsk
Hydro ASA (NO), and the Kurchatov Institute (RU).%'° The hydrogen production capacity
of a PEM water electrolyzer is up to several hundreds Nm3h'. Due to the introduction of
the PEM, proton exchange electrolyzers allow high current density operation (more than
twice that of alkaline water electrolysis''), resulting from a much reduced distance
between the anode and cathode electrodes which also allows for compact stack design.
With low gas permeability, high operation pressure (balanced or differential) is
accessible (up to 350 bar) decreasing the relative volume of gas in water, affording
higher kinetic and mass transport through PTLs, and also allowing the direct storage and
delivery of hydrogen in pressurized vessels.®'2"® In addition to the reduced ohmic
resistance and the high operational pressure allowed by the “zero gap” between

electrodes, PEMWE system has many other advantages; high efficiency, dynamic



behavior and rapid response.*>'* These make PEMWE ideal for either grid stabilization
or directly coupling with renewable energy sources. To increase participation of PEMWE
systems in hydrogen markets and widespread commercialization, further investigations
and improvements are required, especially regarding membrane stability, stack

robustness, ease of operation and cost reduction.”2S

1.1.2. Principles of PEMWE

The basic design of a research-scale single cell PEM water electrolyzer with its
main components is illustrated below (Figure 1-1). The two half-cells are separated by
the solid, acidic PEM. Catalyst layers are commonly deposited directly onto either side of
membrane and become cathode and anode of the water electrolyzer. Pt is an excellent
catalyst for hydrogen evolution reaction (HER) due to high activity and stability. Ir-based
catalysts are the state-of-the-art catalyst materials for oxygen evolution reaction (OER)
at anode.'® The combination of PEM and two electrodes creates the key component of a

PEM electrolyzer, the membrane electrode assembly (MEA).

The MEA is where the water splitting occurs. It is sandwiched between porous
transport layers (PTLs). The most widely used PTL for PEMWE are Ti-based materials,
such as sintered Ti or Ti felts due to their stability in acidic environments."” The PTLs
allow the flow of electric current, but more importantly the porosity of PTLs helps to
distribute reactant water evenly to the catalysts and remove generated gas away from
the reaction sites to the flow field channels, which are machined into the end plates that
enclose and support the MEA. The flow field plates provide electrical contact to the
external power supply and the flow paths provide even distribution of liquid water and
the gases produced. Gaskets are also commonly used inside the cell to prevent water

and gas leakage.

During operation, an external power source is applied to the cell to provide the
energy for the non-spontaneous water splitting reaction, as well as excess potential
energy to overcome electrical, ionic and electrochemical resistances. Water is oxidized
at the anode according to Equation 1.1 to produce oxygen. Protons transport through the
PEM from anode to cathode, where they are reduced by the electrons from the external

circuit into hydrogen gas, as shown in Equation 1.2.



H,0(1) 220,(g) + 2e” + 2H*(aq) anode E°(OER) = 1.23 Vvs.RHE 1.1
2H*(aq) + 2e~ 2 H,(g) cathode E° (HER)=0.00 Vvs.RHE 1.2

H,0() 2 20,(g) + H,(g) overall Elu=-123V 1.3

H,0, O,

-

Cathode Anode

Figure 1-1  Schematic of a single proton exchange membrane (PEM) water
electrolyzer cell with MEA assembled; from center outwards, the
components are the PEM, catalyst layers, porous transport layers,
flow fields embedded into current collectors. The cell is sealed by
gaskets on top and below the catalyst layers and porous transport
layers.

The combination of cathode and anode half-reactions gives an overall water
electrolysis reaction (Equation 1.3). From this equation, the splitting of one mole of
product water is a two-electron process with a resulting E°.i of -1.23 V, the theoretical
minimum cell voltage required for water electrolysis at this temperature. This voltage is
related to the thermodynamic Gibbs free energy A G (in kJ mol™") for water splitting by

the following Equation 1.4:

AG = —nFE,,;; = nFE,,, 1.4



where n is the number of electrons transferred per reaction (n=2) and F is the Faraday’s
constant (96,485 C mol™"). The change in Gibbs free energy A G for splitting liquid water
at 25 °C is +237 kJ mol .

The resulting E° calculated 1.23 V, is the theoretical minimum cell voltage
required for water electrolysis at this temperature, namely, the reversible voltage for

water electrolysis. Accounting for the generation of entropy A S (J mol' K), it is more

suitable to replace Gibbs free energy A G with enthalpy A H (kJ mol') (Equation 1.5):
AH = AG + TAS = nFV1y 1.5

where T is temperature (in K) and V1 is the thermo-neutral voltage. As the change of
enthalpy A H is 286 kJ/mol, the calculated Vrnis 1.48 V. The energetic efficiency of
electrolysis is calculated from the yield of converting overall energy input into chemical

energy (Equation 1.6).181°

Vin
Ne = Veell 16

1.2. The role of ionomers in PEMWE

An ionomer is a term given to an ion conductive polymer (polymer electrolyte)
that consists of a low fraction of ions attached to the polymer chain. In the field of fuel
cell science this term has been adopted to include all polymer electrolytes but in
particular the polymer electrolyte incorporated into catalyst layers.?2° PEMs are cast from
polymer electrolytes that possess negatively charged (anionic) groups to facilitate proton
transportation. Sulfonic, phosphonic, and carboxylic groups are the strongest acidic
functional groups and they have relatively small pKa. Many other functional groups such
as R-SH and R-OH behave as weaker acids. Among these three acidic functional
groups, carboxylic acid group has the largest pKa, which means the number of
dissociated mobile protons from the carboxylic group is low. Phosphonic acid groups can
easily forms anhydrides at low relative humidity (RH), and as a result, the conductivity of

protons may decrease dramatically unless operating at high temperature.?' Therefore,



sulfonic acids are the favored choice of pendent functional group for proton exchange

membranes at near ambient temperature conditions.??

The dissimilar nature of the electrically neutral backbone and bonded ionic acid
groups result in the natural phase separation of the ionomer in water. The phase
separation gives PEM the proton transport capability.?® There are three conceivable
mechanisms of proton transportation in PEM: the vehicular, the Grotthuss and the
surface mechanism as shown in Figure 1-2. The vehicle-type mechanism describes
proton migration through water channels along with the surrounding water as a “vehicle”,
e.g., Hs0", HsO2" and HyO4*. The Grotthuss-type (hopping) mechanism elucidates the
proton transferring from one entity to another through the breaking and formation of
hydrogen bonding. When in low relative humidity (RH), protons can only move along the
side chains under the electrostatic effects provided by the sulfonic acid groups, the so-

called surface mechanism.?4252¢6
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Figure 1-2  Scheme of proton tranfer mechanism (vehicle, Grotthuss and
surface mechanism) in hydrated proton exchange polymer.
Reprinted with permission from reference 25. Copyright 2006 Wiley.



1.2.1. Properties of PEMs

The concentration of acid groups available to conduct protons is characterized by
the ion exchange capacity (IEC), millimole equivalent per gram of dry membrane or by
the equivalent weight (EW), grams dry polymer per mole of ion exchange sites, where
IEC=1000/EW.?" IEC is generally determined by a conventional acid—base titration
technique: the membrane is soaked in a concentrated NaCl (pH=7) solution to exchange
proton counter-ions (-SO3" H*) to sodium (-SO3" Na*). The acidic solution is then titrated
to pH 7 using the NaOH titrant. IEC (meq g™') can be calculated from the amount titrant

used using the following equation:?®

IEC = CNaoHYNaoH 15
Wdry

where Cnaon is the molarity of titrant, Vnaon is the volume of titrant and waqry is the weight

of the dry polymer.

lonic conductivity is used to quantify how well a material transports the counter-
ions and describes how many charge carriers are and how easily they can move with a

potential gradient. It is generally determined using the following equation:
o; = (1Z;F|)ciu; 1.6

where Z; is the charge number of the carrier, F is the faraday constant (96485 C mol™),
Ci is the concentration of carrier and u; is the mobility (cm? V-'s™) of charge carrier.
Therefore, the proton conductivity [0, (S cm™)] in PEMs is intrinsically governed by IEC

as well as mobility of the protons, determined by the free volume in the PEM.?°

Proton conductivity is usually measured with a two-electrode electrochemical
impedance spectroscopy (EIS) technique and can be measured in two directions: in-
plane and through-plane. Holdcroft and co-workers investigated the proton conductivity
of membranes both in-plane (length/width dependent) and through-plane (thickness
dependent) and concluded that through-plane conductivity is more appropriate for
electrochemical devices (i.e., fuel cells and water electrolyzers). There are two main
reasons: First, the morphological anisotropy of the membrane materials. Second, proton
transportation are in the direction perpendicular to the membrane surface in the real

cell.>® However measuring through-plane conductivity is more difficult compared to



measuring in-plane conductivity due to the larger contact resistance contribution from
the membrane and electrodes.*® In-plane conductivity therefore are widely carried out for
characterization of membrane proton conducting performance and the

proton conductivities reported in most literature are in-plane conductivity.?®3!

Proton conductivity should be discussed with water uptake as water promotes
the dissociation. There are two forms of water uptake: weight pecent of water (w) and
water contant (A). Weight percent of water (w) is calculated based on the weight of the
wet sample and dry sample:

w= “’W%“y’” x 100 % 1.7

Water contant (A) is the number of water molecules per sulfonic acid groupbet of
the PEM:

WXEW 18

My20

where EW is the equivalent weight and My.o is the molar weight of water.3?

When fully hydrated in water, a membrane swells in both directions: in-plane
(length/width) and through-plane (thickness). Swelling is due to a complex interplay
between the affinity of the ionomer and water and the resistance of the membrane’s
structure and crystallinity to volumetric expansion.®? Appropriate swelling is necessary
for ionic mobility but the excess swelling needs to be avoided and may even cause

dissociation of the membrane in the application.?®3!

Low gas permeability is also an important property for membranes. As H>and O-
are soluble in water, they can transport through a well-hydrated membrane to the

opposite compartment of electrolyzer cell and cause contamination of product gas.'333*

The gas crossover is mainly caused by solution-diffusion mechanism as one of
the crossover routes sketched in Figure 1-3. The dissolved gas can diffuse through
water filled channels in the electrolyte membrane layer. The driving force is the Brownian
motion and concentration gradient.® In addition to diffusion, to a lesser extent, there

could be some convective transport caused by pressure and thermal differences


https://www.sciencedirect.com/topics/materials-science/conductivity

between anode and cathode. Finally, electroosmotic water drag can occur, where

dissolved hydrogen and oxygen accompany proton migration from anode to cathode.*

Cathode Anode
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Figure 1-3  Gas crossover transport mechanism through 1) diffusion of
hydrogen to anode and oxygen to cathode and 2) convective
transport caused by electro-osmotically water drag and pressure
difference between anode and cathode.

The hydrogen crossover is considered more critical than oxygen crossover. The
reason for that is firstly, the permeability of oxygen is lower than that of hydrogen and
the production rate of oxygen is only half that of hydrogen. Secondly, at the cathode,
oxygen is reduced electrochemically by Pt to water resulting in a net zero product
formation for the associated current. At the anode however, Hz does not readily oxidize
on the Ir based catalysts and so causes contamination of the product gas. With a lower
explosion limit of 3.9 vol% in O, this is a safety issue.’**3% The crossover and resulting
safety concerns limit the obtainable pressurization of cathode and call for appropriate

mitigation measures.

Overall, due to the complexity of PEMWE cells, harsh and dynamic operation
condition, the PEM must possess the following desirable properties: high proton
conductivity, low gas permeability for safe operation, and high mechanical, chemical,

and thermal stability for practical applications.



1.2.2. lonomer in the catalyst layer

lonomer can be dispersed with catalysts/support to make an ink to be deposited
on the surface of a membrane or PTL to form the electrodes/catalyst layers.®*? Typically,
in a catalyst layer in Figure 1-4, ionomer is used as a binder to promote the exchange of
protons from the bulk of membrane to the inside of catalyst layer.%° |t additionally
impacts pore formation during deposition. Pores in the catalyst layer are vital for
transporting reactant water to and from the reaction site and allowing product gas to
expel from the catalyst layers. The reaction sites where the catalyst, ionomer and
reactants meet are crucial for efficient water splitting. Too much ionomer results in
blocking of pores and high mass transport resistance. Too little ionomer or poor
connectivity between them results in low proton conductivity.*® The right amount and
homogeneous distribution of ionomer in the catalysts is therefore important and

necessary to maximize utilization of catalysts.

Catalyst Metal fiber

Figure 1-4  Schematic of a porous catalyst layer which sanwiched between PEM
(left) and PTL (right) in water electrolysis cell.
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1.3. PFSA and hydrocarbon ionomers

1.3.1. Traditional PFSAs and development of hydrocarbon ionomers

The industrial benchmark membrane material for PEM water electrolysis is
Nafion®, a long side chain perflorosulfonic acid (PFSA) developed by DuPont since
1960.#" Nafion® has a semi-crystalline polytetrafluoroethylene (PTFE) backbone with
flexible perfluoroether pendant side chains terminated by sulfonic acid group (Figure 1-
5). The PTFE backbone gives Nafion® excellent chemical stability, mechanical strength,
and thermal stability. The dissimilar nature between backbone and ionic group tethered
side chains gives Nafion® remarkable ion conductivity, typically when the membrane is
hydrated.?34?

n

o> FF
1|
FsC" L O S-0OH
F = "
FO
Figure 1-5 Chemical structure of Nafion, a perfluorosulfonic acid membrane
where m =1 and n = 6-10.

Although Nafion® has been the technological and commercial benchmark for
PEMs, its high cost (US$ 500 m2), environmental problems associated with the use of
(per)fluorinated ionomers in mass production, limited operating temperature range
(proton conductivity decreases at temperature over 100 € due to dehydration) and high
gas permeability (relatively high thickness (120-250 um) are required to reduce gas
crossover typical at high differential pressure (30 bar) for PEM water electrolysis

operation), drives the need for a substitute. 251143

Hydrocarbon membranes are being considered as an alternative to traditional
PFSA due to their potentially lower cost.?>4* Additionally, this kind of PEM has several
other advantages: appropriate conductivity, a better resistance than Nafion® to gas
crossover, high glass transition temperature, and fewer environment concerns because

the precursors are fluorine-free.?°

11



Hydrocarbon membranes have been intensively studied for fuel cell
applications.>® Sulfonated polyethylene and sulfonated polyarylene were both initially
attractive. However, it was found polyethylene-based ionomers are unstable in severe
water electrolysis conditions (e.g. 80 to 100 °C) due to overheating and mechanical
deformation.*647 In 1990s, Linkous and Slattery evaluated over 40 types of sulfonated
polyarylene candidates and identified only a few options that could withstand elevated
temperature of water electrolysis.*®4° The sp? carbon in aryl-aryl and aryl-heteroatom
linkages in the backbone of polyarylene is inherently stronger compared to sp® carbon in
polyethylene such as sulfonated polystyrene. The inflexibility and bulky aromatic groups
also give polyarylene higher glass transition temperature and less free volume for gas to
permeate. Since then, the literature has been focused largely on sulfonated
polyarylenes. Common examples (Figure 1-6) are polybenzimidazoles (PBI), poly(ether
ether ketones) (PEEK), poly(ether sulfones) (PES) and polyphenyl quinoxaline
(PPQ).4849.50
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Figure 1-6  Representative sulfonated polyarylenes investigated for PEMWE.
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1.3.2. Literature review of water electrolysis using hydrocarbon
ionomers

There are many reports for PEM water electrolysis using PFSA as membrane
and ionomer in the catalyst. Although different fabrication methods of MEAs and different
testing facilities make it complicated to compare results from different groups, the
general trends are similar. The polarization results (Figure 1-7) are typically between
1.53t0 1.8 Vat 1 Acm?and 80 °C (See 2.4.1 for more about iV-curve).*9°15253 Since
early 2000 until now, only a few results report cell potentials below 1.6 V at 1 A cm™.
54955 The cell voltage at a current density of 1 A cm is a frequently taken metric to

compare electrolysis results.
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Figure 1-7  Performance range of published polarization curves from 2010 to
2012 for a PEM electrolysis single cell operating with Ir anode, Pt
cathode, and Nafion ® membrane at 80 °C. Reprinted with permission
from reference 9. Copyright 2013 Elsevier Ltd.

Since the late 1990s, the application of hydrocarbon ionomers in water
electrolysis has been explored. Linkous and coworkers reported water electrolysis using
sulfonated poly (ether ether ketones) (sPEEK) as membrane with Ir as anode and Pt as

cathode, achieving a current density of 30 mA cm? at 1.8 V, 60 T .5° Unfortunately, the
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hydrocarbon-based ionomers suffered from excessive swelling in water at elevated
temperature.?® To reduce swelling, Jang et al. blended sPEEK and copolymer of SPEEK
and sulfonated poly(polysulfone) (sPSf) with tungstophosphoric acid (TPA), respectively.
The resulting blended membranes were electrical coated with Pt and gave voltages of
1.83 and 1.90 V respectively at 1 A cm? and 80 € .5 Recently, Siracusano and co-
workers (2013) established a membrane-electrode assembly (MEA) using sPSf as
membrane and Nafion® as ionomer in both IrO; and Pt/C catalyst layers and measured a
cell voltage of 1.8 V at 1 A cm? and 80 € .8 In 2014, Skulimowska et al. reported
sulfonated ether-linked polybenzimidazoles (sPBIl) based MEA using IrOzand Pt as
anode and cathode with Nafion® as ionomer in the catalyst layer, yielding a cell voltage
of 1.71 V at 1 Acm? and 80 T .*°® The introduction of ionomer in the electrodes greatly

increased the utilization of catalysts and extended the reactions sites from 2-D to 3-D.

From the 1990s until now, most studies using hydrocarbon membranes used
PFSA ionomer in the catalyst layer.® Wei et al. (2010) fabricated MEA using PES/sPEEK
blended membrane using sPEEK in the catalyst layers. The voltage of this MEA which
used Ir black and Pt/C as catalysts was 1.71 V at 1 A cm? and 80 T .*¢ Recently, Klose
et al. introduced MEA consisted of poly (phenylene sulfone) (sPPS) as both membrane

and ionomer achieving 1.62 V at 1 Acm?and 80 C .52

Although efforts have been made to increase the efficiency of producing
hydrogen using hydrocarbon membrane/ionomer in PEMWE. Only a few of the above-
mentioned publications studied the stability of hydrocarbon membrane/ionomer in water
electrolysis as hydrocarbon-based ionomers suffer from swelling and a great sensitivity
to oxidative degradation compared to PFSAs, which have strong carbon-fluorine
bonds.?%%° Nolte et al. reported the lifetime of a partially sulfonated poly(arylene ether
sulfone) for 300 h at a constant current hold of 1 A cm™ (around 2.5 V) but at a relatively
low temperature of 25 T .5' Siracusano et al. presented MEAs using sulfonated poly-
sulfone (SPSf) as membrane and Nafion® as ionomer under a chronoamperometric test
of 1.8 V (initially around 1.1 A cm™) and 80 T for 32 h but did not report the evolution of
current density.*® Klose et al. performed durability analysis of a wholly sulfonated poly
(phenylene sulfone) based MEA by holding current at 1 A cm= and 80 T . The sPPS
MEAs showed a voltage increase rate of 0.85 mV h™'.%® Further exploration of the

stability hydrocarbon PEMs is therefore needed.
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1.3.3. Sulfonated poly(phenylene)s

Sulfonated poly(phenylene)s which contain a fully aromatic backbone in Figure
1-8 are considered to give inherent thermochemical stability compared to the labile
heteroatomic linkage of other hydrocarbon ionomers and have gained particular interest
as PEMs. However, the rigid-rod nature, especially for the entire para linkage type,
makes it insoluble in common organic solvents and so polymerization of the backbone
will terminate too early, resulting in precipititaion of the polymeric substrate and making
high molecular weight difficult to reach.??¢26364 Membranes prepared from the sulfonated
hydrocarbon ionomers universally have high swelling values when hydrated in water,

therefore poor mechanical properties, resulting in failure in fuel cell evaluations.

Functionalization of poly(phenylene)s backbone has been proposed to solve
precipitation and increase the molecular weight.®>¢¢ C. H. Fujimoto et. al. reported
sulfonated, phenylated poly(phenylene)s (sPPP) (Figure 1-8) using Diels-Alder synthetic
method. This method benefitted from an inherent regiomeric imperfection and gives

resulting ionomers appreciable solubilities in common organic solvents.5

The acid functionalization of sPPPs backbone is generally achieved by the post-
sulfonation technique and the method has been followed for decades.®> As the location
and number of acid groups cannot be controlled, sPPPs synthesized from this technique
suffer from ill-defined molecular structure, low solubility in polar solvent and uneven
distribution of ionic groups.®%%2 These drawbacks limit their application in electrochemical

devices.

The Holdcroft group demonstrated the synthesis of well-defined, branched
sPPPs using pre-sulfonated monomer, which allows the precise positional control of
sulfonic acid groups.®” Membranes cast from this ionomer possessed high proton
conductivity and oxidative stability.®” sPPPs also showed comparable power density
results as PEM and/or ionomer in the catalyst layer in in situ fuel cell tests compared to a
traditional PFSA, which was unprecedented in the literature at the time for a chemically-
stable hydrocarbon membrane.®” sPPPs remain water-insoluble at RT, however it still
exhibits excessive swelling and solubility problems in water at higher temperature, as

with most hydrocarbon based ionomers, limiting in-situ durability 667
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Recently, Adamski et al. reported a novel sulfonated phenylated polyphenylene
sPPB-H* Figure 1-8.%° By incorporating the spacer unit biphenyl in the ionomer
backbone, the water solubility problem at evaluated temperature can be relieved. The
membrane cast from sPPB-H" displayed excellent tensile strength, Young’s moduli, and
modest elongation at break.®° It also revealed exceptional proton conductivities in both
fully hydrated and reduced humidity in ex situ EIS test. For in situ fuel cell test, it
displayed remarkable peak power density under non-optimized conditions and
maintained high conductivity after 400 h accelerated stress testing with substantially
lower Hz gas crossover compare to benchmark Nafion 112.5° Remarkably, it can dissolve
in low boiling point organic solvent like methanol, giving it potential to be used as

ionomer material in the catalyst layer.

h i i-' - E: —
.-"-;:_ ""-“n::":" S
Poly (phenylene) kL [
o
A E
L
jﬂsH Phenylated poly(phenylene)
=
|
50:H #l"'*::a q“f[-’]
oDbosa™a
S HE:;I — =t lp
I
-"-"q:. P =
K [
F Py )
e M, S04H

Sulfonated, phenylated poly(phenylene) biphenyl

Figure 1-8  The chemical structures of poly(phenylene) backbone, phenylated
poly(phenylene) backbone and sulfonated phenylated
polyphenylene with a biphenyl spacer unit.
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1.4. Research objectives

This thesis research is focused on studying sulfonated phenylated polyphenylene
sPPB-H* as a solid, proton conducting medium for water electrolysis. sPPB-H" is studied
by firstly introducing it as the membrane and secondly by incorporating it as ionomer in
the catalyst layers. The current-voltage characteristics of water electrolyzers based on
sulfonated phenylated polyphenylene was investigated by |-V polarization curves and
EIS. Ex-situ water uptake and proton conductivity of the PEM were also investigated to
give insights into water electrolysis. The resistances hindering the efficiency of
electrolysis cells based on these materials were identified with the help of electron

microscopy.
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Chapter 2.

Techniques and methods

2.1. Chemicals and apparatus

Chemicals used for fabrication of membrane electrode assemblies (MEAs) are

given in Table 2.1. Equipment used is listed in Table 2.2.

Table 2-1 Membrane and catalysts

Chemical Manufacturer
Nafion™ 112 Du Point
Nafion™ D520 dispersion (5 wt% in mixed alcohol) | Du Point
sPPB-H" membrane (50 £ um) -
sPPB-H" dispersion (3% w/v in MeOH) -
Pt/C catalysts, 46.5% Pt Tanaka Kikinzoku Kogyo
Ir black, 99.95%, 20-30 m? g’ Alfa Aesar

Table 2-2 Apparatus used for MEA fabrication and electrochemical measurements

Apparatus Manufacturer
Electrolyzer test station (ETS) | Greenlight Innovation E20
5 cm? electrolyzer hardware Fuel Cell Store
Potentiostat Gamry Interface 5000
Airbrush Paasche®

UP200Ht ultrasonic processor | Hielscher

Spray coater Sono-Tek ExactaCoat
Scanning Electron Microscope | FEI Nova NanoSEM

Gas chromatography Agilent 990 Micro GC
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2.2. Ink preparation and electrode fabrication

MEAs were fabricated by spraying anode and cathode catalysts directly on the
PEM surface. The preparation of catalyst inks using Nafion® as ionomer was shown as
an example. The anode ink contained 2 wt% of solid (catalyst+ionomer) and 98 wt% of
dispersing solvents (1:3 v/v water/IPA). The cathode ink contained 1 wt% of solid and
the rest was dispersing solvent. Commercial Ir black and Pt/C were used as the anode
and cathode catalysts, respectively. Catalyst ink was prepared in a glass vial: a desired
amount of catalyst powder was firstly added, followed by adding Milli-Q water to
completely wet the catalysts. Then, half of the required isopropyl alcohol (IPA) was
added dropwise. The resulting slurry was sonicated in an ice bath to prevent overheating
(Branson®) for 15 min. After that, Nafion D520 dispersion (5 wt% in mixed alcohol) was
added dropwise to the vial. Finally, the other half of IPA was added to the vial to
increase the total volume of the ink. The volume ratio between water and IPA was
controlled as 1:3. The final ink was sonicated in an ice bath for additional 30 min to make

a homogenous suspension and kept stirring before using.

The ink fabrication methods for both anode and cathode were the same. As
unsupported Ir black settled faster than carbon supported Pt,* hand spray was employed
to make anode electrodes using Paasche® airbrush. The use of airbrush avoided the
loss of catalysts in the long tube of the machine sprayer (used for the cathode ink) as the
paint cup was just next to the gun nozzle and allowed the spray small quantities of
catalyst ink. For the anode, prior to hand spraying, the catalyst ink was additionally
probe-sonicated (Hielscher UP200Ht) for 2 mins. Hand spraying was performed on
vacuum hot plate (Welch™) at 90 T (Figure 2-1). A PEM was framed with a transparent
plastic sheet with 5 cm? opening to avoid overspraying. The spray path was controlled
manually to be serpentine to ensure a uniform deposition on the 5 cm? area. For a 3.5
mg cm loading of Ir, a total 3.5 mL to 4.5 mL ink was needed. As Ir can settles too
rapidly, only 1 mL of ink was transferred from ink vial to spraying gun each time using a
syringe. After completely spraying out 1 mL, another 1 mL was followed. All the anodes

were controlled to have 3.5 + 0.6 mg cm loading of Ir.

The corresponding 1 wt% cathode catalyst ink was machine sprayed onto the
other side of the membrane using an ExactaCoat (Sono-Tek) with integrated Contact

Heating/Vacuum Plate (Figure 2-2). The deposition was operated at 80 °C under
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vacuum. The inks were deposited on the membrane surface by a 120 kHz Ultrasonic
Accumist Nozzle. To ensure uniform coating of the cathode, the spray pattern of the
nozzle was programmed by Portal software. The flow rate was set as 0.25 mL min™'. The
shaping air pressure was adjusted at 0.8 kPa which is high enough to ensure that the
spray was atomizing but not so high as to cause splashing. The path speed was 60 mm

sec™. The loading of cathodes was around 1 mg cm of Pt.

Figure 2-1  Vacuum hot plate (Welch™) used for hand spraying anodic catalyst
layers; from left to right, components are digital temperature
controller, vacuum hot table, three sheets of silicone rubber and
vacuum pump.

For catalyst inks with sPPB-H* as the ionomer, a 3% w/v ionomer dispersion was
initially prepared by dissolving the required amount of ionomer in MeOH. The
preparation of catalyst inks using sPPB-H* as ionomer and electrode fabrication were
the same as Nafion® as ionomer except the dispersing solvent changed from 1:3 v/v

water/IPA to 1:3 v/v water/methanol due to increased solubility of SPPB-H"* in methanol.

20



7 ..

. _:..ﬁ' Shaping air |

R ke
- o "

| eating/Vacuum Palate

Figure 2-2  Spray coater (Sono-Tek) with main components labelled below used
for automatic spraying cathodic catalyst layers.
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2.3. Membrane electrode assemblies in PEMWE

Prior to PEMWE assembly, a pressure test was performed to ensure uniform
compression on the sealing area. A pressure sensitive paper (Prescale, Fujifilm) was
sandwiched in the middle of the cell. The cell was then tightened with a torque of 20

IN.LB. The pressure paper indicated sufficient compression of the cell (Figure 2-3).

e 5L e
b s V:’_"'D .M’m

Figure 2-3 Sufficient and uniform compression on the sealing area of the cell.

Two Ti felts (ElectroChem.Inc) with 60% porosity and thickness around 0.270
mm were used as anodic and cathodic PTLs. The MEA and PTLs were sandwiched in
Ti-based electrolysis cell housing (Fuel Cell Store Co.) and sealed by ice-cube polyolefin

gaskets (QuinTech).

The detailed process of assembly of the sprayed MEA into the cell from outside
inwards is shown in Figure 2-4. Each component needs to align well by hand with
accuracy to make the most advantage, for example, the outer gaskets should not block
the inlet/outlet for the water circulation and the inner gaskets should not cover the active

area for the water splitting.
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1. Anodic end plate

4. Anodic Ti PTL

6. MEA

Figure 2-4  Pictures of cell assembly process of FuelCellStore water
electrolyzer with a sprayed MEA. Components that need to be
assembled from outside to inside are the anodic end plate, outer
gasket, flow field embedded current collector, anodic Ti PTL, inner

gasket and sprayed. Reversing the steps from 1 to 5 is the process
for assemblying cathodic components.
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2.4. Electrochemical measurements in the PEMWE

2.4.1. Polarization curves

Recording I-V polarization curves is the most common method in quantifying
electrochemical systems under various conditions. Polarization curves are obtained
either by controlling current and measuring the voltage or by applying voltage and
measuring the current (the first method is preferred in this work). Current steps are
performed in small increments and the responding voltage is measured until a steady
state voltage is obtained (typically one minute for each increment if the cell is
conditioned). All the polarization effects can be studied from cell potential behaviour
including the reversible potential (1.23 V) and the irreversible overpotentials arising from
activation, ohmic and mass transport losses against current density (Figure 2-5). As the
cell components connected to each other in series, all the resistances and resulting
overpotential from each electrode are summed to provide the cell polarization. A typical
polarization curve can be separate into three distinct regions according to which

overpotential dominates: 689

At low current density (0 A cm to 0.3 A cm™2), the water splitting reaction is
activated and the charge transfer resistance (Rct) at the anode and cathode
dominates. Activation overpotentials arise from the inherent energy barriers
for water splitting: HER at the cathode and OER at the anode. OER at the

anode is much slower compared to HER at the cathode.

At moderate current density (0.3 A cm™ to 3 A cm?), the cell potential
increases linearly with current density due to ohmic resistances. The ohmic
resistance (Rq) is the sum of the electrical and ionic resistance. The electrical
resistance is due to the metallic components of the cell (i.e., current
collectors, flow fields, electrical wires and electrode materials) and interfacial
electrical resistances (i.e., contact resistance between connections and
PTLs/flow fields). The ionic related resistance includes membrane resistance,
ionic resistance of the catalyst layers and interfacial resistance between the

membrane and catalyst layers.
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At high current density (>3 A cm), bubbles formed at electrode surface
shield the active surface area and block the transport pathway of the water to
the electrodes. Mass transport limitation caused by water starvation and

bubble formation therefore becomes a significant source of performance loss.
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Figure 2-5 Example of PEM water electrolysis polarization curve including all
the irrevisible losses to the cell polarization. Reprinted with
permission from reference 68.Copyright 2017 Elsevier Ltd.

For this research, PEM electrolyzer cells were evaluated on a Greenlight
Innovation E20 water electrolysis test station. Before electrochemical measurements on
MEAs, the electrical resistance from the metallic hardware was determined. The
electrical contribution from dry hardware resistance without assembling a membrane
inside was measured to be between 20 and 40 mQ cm? (potentiostatic EIS at 0 V with
the AC perturbation at 10 mV) and monitored regularly (weekly) due to the gradual
oxidation of the Ti PTL and flow field plates. If the hardware resistance was measured to
be > 50 mQ cm?, new Ti PTLs were installed. If the hardware resistance was > 75 mQ

cm?, etching of the flow fields was performed (Appendix B).

During water electrolysis, 200 mL min™' of deionized water (18.2 MQ) was fed

through the anode and cathode compartments of the cell. Polarization data was
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recorded by increasing the cell current stepwise from 0 mA cm2 to 400 mA cm™2 in
increments of 40 mA cm™. The step size was increased to 100 mA cm? up to 2.3 A cm™.
100 s stabilization period was programmed between each step. To protect the MEA,
when the voltage approached 2.1 V, the increase of current density was terminated. The
resulting stationary polarization curve was plotted using steady state currents and
voltages.

2.4.2. Electrochemical impedance spectroscopy (EIS)

Ohm’s law (equation 2.1) states the proportional relationship between current, |

and voltage, V. The constant of proportionality is the resistance, R.
1=% 2.1
R

This constant is also applied to alternating current. When a sinusoidal AC current
It (Equation 2.2), involving the single frequency (= w/21) is applied in an electrolyser, an
alternating voltage output E: (Equation 2.3) is obtained (Figure 2-6). As resistors (R),
capacitors (C) and/or inductors (L) may be involved in a cell, the resulting voltage may
not reach the amplitude peak at the same time as the current input and so the output will

have a phase shift (¢ ). The phase shift for a pure resistor is zero.”"

T=1/f=2n/w 9 ’:ﬂase shift .

P d ~
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/ \
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| .
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Figure 2-6  Sinusoidal current and potential response as a function of time,
respectively.
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Zim

Overall, the working principle of EIS is the study of impedance of an
electrochemical system at different frequency when small perturbation is applied. When
the frequency of the input changes, the processes occurring in the electrochemical

system have different response time. 707172

Impedance is introduced as a vector diagram and complex number by C.P.
Steinmetz and A.E. Kennelly, it has the real and imaginary part or alternatively it can be
represented by absolute value and phase angle. The measurements of impedance over
a range of frequency gives impedance spectrum — Nyquist plots and Bode plots (Figure
2-7).7071.7374 In a Nyquist plot, the real and imaginary of an impedance can be easily
identified. Bode plot displays the change of the magnitude and phase angle of the

impedance over frequency.
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Figure 2-7  a) Nyquist plot and b) Bode plot of an electrochemical system.
Reprinted a) with permession from 73.Copyright 2001 Wiley.
Reprinted b) with permession from 74 .Copyright 2009 Springer-
Verlag.

A Randles equivalent circuit is commonly used for interpretation of EIS Nyquist
spectra for electrochemical systems. These circuits consist of an ideal constant phase
ohmic resistance (Rq), a double layer capacitor (Cq), a Warburg resistance (Zw) and a
charge transfer resistance (Rct). A double layer capacitor (Cq) and Warburg resistance
(Zw) is placed in parallel with a charge transfer resistance (Rct). As HER and OER occur
at separate electrodes for a water electrolysis cell, the equivalent circuit consists of two
electrical components (Figure 2-8). Usually, the double layer capacitance (Cq) is

replaced by a constant phase element (CPE) to model a nonuniform behaviour of a
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double layer in the real word, for example due to the porous structure of electrodes.”"®
When the frequency is very high, there is insufficient time for mass transport to
equilibrate, which means Z., the diffusion process model will disappear. The impedance
is charge transfer controlled as represented by the semi-circle in the Nyquist plot. When
the frequency is low, the impedance is controlled by mass transport, shown as the tail in
Nyquist plot. Z,, is difficult to isolate as it is always associated with Cq and Rcr.”%"? As
the mass transport effect is not obvious for a laboratory scale water electrolysis cell, Z,
is removed. The simplified equivalent circuit (Figure 2-9) is used for analyzing

impedance in this research.

c
Cai Ci
| | | |

Ry, | | | |
L] Ré&G  Zy RG24 |

A

—{_ H-W— YH HW—

Figure 2-8 Scheme of an equivalent circuit for a water electrolysis cell.

CPE CPE

Rg

4 A
RCT RCT

Figure 2-9 Equivalent circuit used to analyze the impedance data.

In the Nyquist plot (Figure 2-7), the high frequency intercept of semi-circles on x-
axis is the ohmic resistance (Rq). The difference between Rq and low frequency
intercept on x-axis is the charge transfer resistance (Rct). Two semi-circles may be
obtained to represent the faradic reaction on each electrode, or a single semi-circle may
be seen as a merging response from both electrodes. The Nyquist plot can clearly
distinguish between Rq and Rcr from the first sight. The characteristic frequency (top of

the semi circle) can be calculated in equation 2.3:

1

2.3

Wep = ———
cr RerCar

AC-impedance measurements (Gamry Interface 5000 potentiostat) between 100

kHz to 0.1 Hz were carried out at 100 or 700 mA cm. The AC perturbation was
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employed at 5% of the current input to obtain a sufficient signal to noise ratio, while

keeping it small enough to ensure a linear system response.

2.4.3. Chronopotentiometry

The ability of a PEM water electrolysis cell to maintain its electrochemical
efficiency over a significant period is a critical property for practical applications. A
convenient way to evaluate the stability of a membrane electrode assembly in an
electrolysis cell is to measure the time dependency of the cell voltage required for
operation at a given current density. This technique is called chronopotentiometry.
Chronopotentiometry was performed by holding the current density at 1 A cm™ and at 70

°C. The corresponding voltage change for MEAs was monitored.

2.5. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) enables visualization of MEA cross-
sections and catalyst layers. SEM is based on using a primary electron beam to probe
the sample and the emitted secondary or backscattered electrons to form an image."
Using SEM helps determination of macroscopic features such as cracks in catalyst
layers. SEM with Energy dispersive X-ray (EDX) spectroscopy was used to determine
the elemental composition of electrodes. Scanning Electron Microscope (SEM) were
performed at a voltage of 15 kV and a working distance around 7 mm. Cross sections of
MEAs were prepared by cryofracture using liquid nitrogen and then investigated under
SEM. SEM characterization was carried out on both freshly-prepared and used MEAs

and electrodes.

2.6. In-situ gas crossover measurements

To test the hydrogen crossover through the PEM during electrolysis, in-situ gas
chromatography (Figure 2-10) was used.?*’” The moist anode gas was collected from
the exhaust of Greenlight Innovation E20 PEM electrolyzer test station into a gas
sampling bag. Before injecting the gas into an Agilent 990 Micro GC for analysis, the
moisture of the anode gas was reduced using Drierite®. The anodic gas containing O-
and H: is swept through a MGC COx column (1 m*0.8 mm ID) by Ar carrier gas and

eluted to a thermal conductivity detector (TCD). The retention time of H> was
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approximately 0.289 min and that of O, was 0.539 min. The H in the mixture gas was
calibrated using 2, 5.71 and 10 vol% Hz in N2 while the Oz is calibrated using 99.998 %
O.. The example of Agilent report showing the separation of anodic gas and their

calibration is attached in Appendix A.

0, Drierite®

Agilent 990 Micro GC

Cathode Anode
Figure 2-10 In-situ gas chromatography test.

2.7. Water uptake and dimensional swelling

The water uptake (w) of the membrane was determined by a comparion of its
fully dried and fully hydrated state. To make sure that the membrane was fully dried, the
samples were placed in a vacuum oven at 80 °C for 24 h, cooled to room temperature
under vacuum for 1 h, then the dry mass (wary), out of plane thickness (Zary), in-plane
area (Adry) were immediately measured. After that, the samples were soaked in
deionized water for 24 h, and the wet mass (Wwet), wet thickness (Zwet) and area (Awet)
were determined. The process were repeated for a minimum of three measurements per
sample. The water uptake ratio by comparing the mass of a fully dried and fully hydrated
membrane was shown in Equation 1.7 (reproduced here as Equation 2.3). The swelling

ratio according to the area change was calculated using Equation 2.4.

w = WY 5 100% 2.3
Wdry
Swelling ratio = M x 100% 24

dry
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2.8. Ex-situ proton conductivity test

Proton conductivity of PEMs was determined by placing a membrane sample (10
mm x 5 mm) into a conductivity cell containing Pt electrodes (Figure 2-11).
Measurements were conducted under 95% RH at a defined temperature (using an
Espec model SH241 humidity chamber) which is as close as practically possible to a
fully hydrated state. The in-plane conductivity was measured by AC-impedance
spectroscopy with a Solartron 1260 frequency response analyzer. The cell was
subjected to a 100 mV sinusoidal ac voltage over a frequency of 10 MHz to 100 Hz, the
impedance change of the cell at different frequencies was recorded as a Nyquist plot.
The typical resulting Nyquist plot was evaluated using a Randles equivalent circuit
(Figure 2-12).78

PTFE Block

L _
S

Pt Electrode ’—‘

(Side view)

Membrane

Figure 2-11 Schematic diagram of the conductivity cell incorporating two Pt
electrodes.

As the lower limit of the frequency is 100 Hz, i.e., not enough time for mass
transport to equilibrate, Warburg impedance (Z«), which models the diffusion process,
disappears. When the frequency approaches infinity, the impedance consists of the real
component, which is the ohmic resistance (Rq) of the cell. As the Pt electrodes used
have an electrical resistivity of only 10.87 uQ cm at 300K, the ohmic resistance of the
cell arising from the metallic resistance is low.” When the frequency is low, the overall

circuit resistance is equal to the sum of the ohmic resistance (Rq) and the charge
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transfer resistance (Rcr). The charge transfer resistance (Rcr) which then can be isolated
as the diameter of the semi-circuit, represents electrolyte resistance (Rel) of the

membrane. Proton conductivity o (Q-cm)” was then calculated using Equation 2.5:

S 2.5

T RA

where L (cm) is the distance between two electrodes, Rq (Q) is the electrolyte
resistance/the membrane ionic resistance and A (cm?) is the cross-sectional area of the

membrane.

4
_er Cdl

104 R .
L M . —
105 103 [ —W—

. -
0 Zr
Figure 2-12 Typical Nyquist plot of conductivity cell (left) and a Randles

equivalent circuit (right). Left picture reprinted with permission from
reference 78.Copyright 2005 American Chemical Society.

32



Chapter 3.

PEM water electrolysis with hydrocarbon sPPB-H" as
membrane and as the ionomer in the catalyst layers

3.1. Investigation of water electrolysis using sPPB-H*
membrane

To study the characteristics of sSPPB-H* hydrocarbon based ionomer in water
electrolysis, MEAs were fabricated using sPPB-H* as the membrane and compared to
those prepared with PFSA Nafion™ 112. The sPPB-H* membranes were cast with 50+ 2
um thickness to compare with Nafion™ 112 (51 ym). Nafion® binder was controlled at 10
wt% of Nafion in the anode and 20 wt% of Nafion in the cathode for all MEAs tested.
MEAs were controlled with similar catalysts loading: 3.55 + 0.65 mg;- cm™ on the anode

side of the membrane and 1.02 + 0.11 mge: cm™ on the cathode.

The polarization curves and iR-corrected polarization curves for Nafion 112
based MEAs (red), and sPPB-H" membrane based MEAs (blue) are plotted (Fig 3-1). At
1 Acm? (70 T ), the voltage of all PFSA based (Nafion® used as both membrane and
ionomer in catalyst layers) MEAs is in the range 1.74 - 1.77 V, in agreement with the
state-of-art literature results (1.53 to 1.8 V at 1 A cm2 and 80 T ).% The electrochemical
measurements are performed at 70 € as the suggested operating temperature for the
electrolyzer (FuelCellStore) is 35 € to 75 T . When catalyst layers are the same,
sPPB-H* membranes (50 + 2 um) require a lower voltage than Nafion™ 112 at all current
densities (1.70 vs. 1.75 V at 1 A cm2), which means less input energy is required to
produce the same amount of hydrogen. The reproducibility of polarization curves for
sPPB-H* membrane based MEAs is not as high as with Nafion 112 based MEAs, which
may be due to the variation of membrane thickness during manual casting sPPB-H*

membranes, as opposed to commercial roll-to-roll produced Nafion.
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Figure 3-1  Polarization curves (line+symbol) and iR-corrected polarization
curves (line) (70 T , ambient pressure, 200 mL min™ 18.2 MQ
deionized water) for Nafion 112 based MEAs (red) and sPPB-H"*
membrane based MEAs (blue). The error bars correspond to
standard deviation between three measurements of identical
samples. These MEAs contain ~3.5 mg; cm?, 10 wt% Nafion®
ionomer in anode and ~1.0 mge: cm? 20 wt% Nafion® ionomer in
cathode. The difference between MEAs is the membrane type.

Impedance measurements were carried out at two current densities: 100 and 700
mA cm2. At 100 mA cm, the operation of the cell is under activation (kinetic) control,
and so impedances are largely charge transfer resistances associated with catalytic
activities. In contrast, at 700 mA cm2, impedances are more controlled by ohmic and
mass transport limitations. As the catalyst layers in both MEA types are the same, the

Nyquist plots (Figure 3-2) carried out at 700 mA cm report on the effect of different

membranes used in MEAs. The impedance data in this research was analyzed using an

equivalent circuit (Figure 2-9) which contains Rq connected in series with two Randles
circuit loops referring to the cathode and anode, respectively. Rq of sSPPB-H* membrane-

MEAs is 162 mQ cm?, 19.4% lower than the Rq for Nafion 112 based MEAs (201 mQ

cm?). The charge transfer resistance (Rct) for sPPB-H* membrane-MEAs (66.4 mQ cm?)

is similar to that of Nafion 112 based MEAs (58.6 mQ cm?) proving consistency in the
fabrication of catalyst layers.
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Figure 3-2  Nyquist plots performed at 700 mA-cm and 70 T for Nafion 112
based MEA (red) and sPPB-H* membrane based MEA (blue). The
average value and standard deviation between three measurements
of identical samples are summarized in Table.1. These MEAs contain
~3.5 mgir cm2, 10 wt% Nafion®ionomer in anode and ~1.0 mgp: cm
20 wt% Nafion® ionomer in cathode. The difference between MEAs is
the membrane type.

When the ohmic overpotential is subtracted from the overall cell voltage (using

Ohm’s law), the iR-corrected voltage is generated as a secondary vertical axis versus

current. The iR-corrected voltage only considers the activation loss from the anode and

cathode reactions and possible mass transport losses. The similar value of Rct and iR-
corrected voltages between Nafion 112 based MEAs and sPPB-H* membrane based

MEAs for current densities < 1 A cm implies the main difference of performance

between the two MEAs arises from a difference in Rq. The decreased Rq from the

Nyquist plots therefore rationalizes the decreased voltage of sPPB membrane-MEAs

compared to Nafion 112 based MEAs. Pertinent data extracted from polarization curves

and EIS measurements are summarized in Table 3-1. sPPB-H* membrane MEAs yield
lower voltage (1.70 V) than Nafion 112 MEAs (1.75 V) at 1 A cm™. As discussed above,
the voltage difference is due to much a lower Rq for sPPB-H* membrane. As the
electrical contribution was small (20 to 40 mQ cm?), the use of different membranes
leads to different membrane/electrolyte resistance and interfacial resistance with catalyst

layers, therefore, different Rq.
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Table 3-1 Summary of the water electrolysis data extracted from polarization
and EIS analysis of MEAs based on sPPB-H* and Nafion 112.
Charge .
Ohmic | transfer Ra- M@%bggy
resistance | Rer@70 | Voltage | corrected | Membrane | IEC | . C (0
MEA (Ro) @70 | °C,700 | @ 1Acm- | voltage @ | conductivity | (meq | , om2
°C mA-cm- | 2,70°C2 | 1Acm?, | (mScmt)e | g1)s0 Vi
(mQcm23a | 2(mQ 70 °Ca 60z
CmZ)b
sPPB-H* (50£2 um) | 162+27 | 66.4+4 | 1.70+0.04 | 1.53+£0.01 | 276+11 3.19 1.2
N112
20115 | 58.6+£13 | 1.75+0.02 | 1.54+0.02 10143 0.92 1.2
(51 pm)

a From polarization data in Fig 3-1
b From intercept of real impedance axis in high frequency region of Nyquist plots data in Fig 3-2

¢ In-plane membrane conductivity measured ex-situ at 70 °C and 95% RH according to refs 30

To investigate the reason for the different in-situ Rq obtained from water
electrolysis, ion exchange capacity (IEC), ex-situ proton conductivity (Table 3-1) for
sPPB-H* membrane and Nafion™ 112 were measured. The lower in-situ Rq obtained
from the water electrolysis measurements corresponds to a larger ex-situ conductivity of
sPPB-H* membrane compared to Nafion™ 112 (276 mS cm™ vs. 101 mS cm™).
According to equation 1-6, the proton conductivity [0, (S cm™)] in a PEM is influenced
intrinsically by IEC and the mobility of protons in a ionomer. The proton mobility in sPPB-
H* is similar to PFSA membrane at relatively high temperature (i.e., 80 °C)%%. The
proton transport channel in Nafion® is bigger and has good connectivity as the dissimilar
nature between hydrophobic PTFE backbone and hydrophilic acidic side groups.
Though the phase separation of sSPPB-H" is not as good as Nafion®, high water content
of sSPPB-H" as the high IEC by chance gives them the same conductivity at 80 °C. The
proton conductivity in sSPPB-H" is larger (276 mS cm™ vs. 101 mS cm™) as a result of its

much higher IEC, i.e., a higher concentration of charge carriers.
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3.2. Wholly hydrocarbon sPPB-H* based PEMWE cell

3.2.1. Effect of sPPB-H" loading in anode catalyst layers

In addition to ionic conductivity of the PEM, the cell energetic efficiency depends
on other factors such as catalyst loading, electrode binder content, or fabrication process
of MEAs.?' The ionomer content in the anode and cathode also needs to be optimized
when new materials are introduced. To study the influence of sPPB-H* ionomer in the
anode, MEAs were fabricated with catalyst layers with various amounts of sPPB-H* in
the anode and a controlled sPPB-H* content in the cathode (15% relative to the total
mass of cathode electrodes). The polarization curves of MEAs with an sPPB-H* content
of 5, 10, 15, 20, 25 wt% in anode catalyst layer are plotted (Figure 3-3). The highest
performance is obtained with 20 wt%, where a cell voltage of 1.90 V at 1 Acm2 is

achieved.

Voltage (V)

—a— 5 wit% sPPB in anode CL
1.4 —eo— 10 wt% sPPB in anode CL
15 wt% sPPB in anode CL

—&— 20 wt% sPPB in anode CL

1.2 —v— 25 wt% sPPB in anode CL

00 02 04 06 08 10 12 14 16 18 20 22
Current density (A/cm?)

Figure 3-3 Polarization curves for wholly sPPB-H* based MEAs (70 T , ambient
pressure, 200 mLu.0 min') with different weight percent of ionomer
in the anodic catalyst layer. These MEAs contain ~3.5 mg, cm? and
~1.0 mge: cm2, 15 wt% sPPB-H* in cathode, and a 50 ym sPPB-H*
membrane.

The Nyquist plot for these MEAs recorded at 100 mA cm and 70 °C are shown
in Figure 3-4 and are fitted using an equivalent circuit (Figure 2-9). 100 mA cm was

chosen because at this current density, the operation is under activation (kinetic) control
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and so the catalytic process related to ionomer content can be better analyzed. There
are three semi-circles for the low anodic ionomer content (5, 10, and 15 wt%). When the
ionomer content is increased to 20 and 25 wt%, the third semi-circle at low frequency
disappears. The first two semi-circles in all the cases fit well using the equivalent circuit
that contains two Randles circuit loops associated with the reactions at each of the
anode and cathode. The third (low frequency) semi-circle results from mass transport
losses. As the decreases in diameter of first semi-circle with anode ionomer content,
indicating a decreasing Rcr for the oxygen evolution reaction (OER) (Figure 3-4 a). Its
characteristic frequency (top of the semi-circle) remains the same around 15800 Hz in
Bode plots (Figure 3-4 b). It is found that the diameter of the second semi-circle
attributed to hydrogen evolution at the cathode remains unchanged — which is consistent
with the ionomer content being held constant in the cathode. However, it is found that
the characteristic frequency of the second semi-circle shifts from 400 Hz to 6 Hz with the
increasing anodic ionomer content as reported in Table 3-2. As yet, this is not
explainable. In order to fully understand the EIS results, a reference electrode may need

to be introduced into the experimental setup in order to provide more details. 72828384

a)
0.5
= 5wt% sPPB in anode CL
0.4 1 e 10 wt% sPPB in anode CL
n’g 1 15 wt% sPPB in anode CL
5 0.3 ¢ 20 wt% sPPB in anode CL
g ] v 25 wt% sPPB in anode CL
L02- Fitting
N
0.1
| (LU ™
0.0 T -i’ T T T T T T T T T T T T T T T T T T T T T T T T T
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

Z' (ohm*cm?)
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Figure 3-4 Nyquist and Bode plots performed at 100 mA-cm for wholly sPPB-
H* based MEAs (70 T 200 mLu.0 min-') with different weight percent
of ionomer in the anodic catalyst layer. These MEAs contain ~3.5
mg;r cm?2 and ~1.0 mge: cm?, 15 wt% sPPB-H" in cathode, and a 50
Mm sPPB-H" membrane. The average value and standard deviation
of samples are summarized in Table 3-2.

As summarized in Table 3-2, Rct for the OER decreases when ionomer content
increases until the ionomer content reaches 20 wt%. MEAs with 5 wt% sPPB-H" in
anode have the highest Rcr (967 mQ cm?), and this can be reduced to 793 mQ cm? by
lowering the ionomer content to 15 wt%. MEAs with a 20 wt% ionomer show the lowest
Recr, 629 mQ cm?. When the ionomer loading is increased 25 wt%, Rcr increases to 723
mQ cm?. Rq, is the largest for 5 wt% sPPB-H* ionomer content in the anodic electrode
(319 mQ cm?). As ionomer content is increasing to 10 wt%, Rq decreases to 264 mQ
cm?, and decreases to 200 mQ cm? with further increases in ionomer content. It is noted
that the lowest Rcr and Rq values are desirable in an PEMWE system. Therefore, the
lowest impedance MEA corresponds to a 20 wt% sPPB-H* ionomer content in the
anode. It is surmised that if the amount of incorporated ionomer is low, protons cannot
fully access all the catalyst layer, leading to low catalyst utilization, and which explains
the observation that 5 wt% sPPB-H"* yields the largest Rct.%” A low ionomer content also
means the continuity of the ionomer inside the catalyst layer is poor and that protons
cannot sufficiently transport inside the catalyst layers and through the interface between

the electrode and the membrane, resulting in a high Rq.384° Excessive ionomer content,
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however, can block the pores in the catalyst layer and cover too much surface of the
catalyst, which is why 25 wt% sPPB-H* content yields the higher Rct compared to 20

wit%.

Table 3-2

Summary of the EIS for wholly-sPPB-H* based MEAs with different

ionomer content in anode. sPPB-H* membrane, constant sPPB-H* loading in the
cathode, variable sPPB-H+ loading in the anode.

Charge tChar?e tChar?e
Ohmic | transfer Ret fanster - ranster L
Cathode | Anode resistance @ Rer, 0op1 | Characteristic | Rer, n0p2 | Characteristic
content | content Ra @70 °C| 100 mA cm? @ frequency ioop 1 @ frequency ioop 2
(%) (%) e ) o 100 mA ¢cm2 (Hz) 100 mA cm-2 (Hz)
(mQ cm?) 70 °C 0 o
(mQ cm?) 70 °C 70 °C
(mQ cm?) (mQ cm+)
5 319424 | 967455 454454 513+1 400
10 264+16 | 862+33 31144 551429 100
15 15 200+14 79349 199+17 15800 59448 40
20 196418 | 672440 172+31 486114 10
25 202413 | 76142 255426 506+16 10
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3.2.2. Effects of sPPB-H+ loading in cathode catalyst layers

In this section the anode ionomer loading on a sPPB-H* membrane was kept
constant (20 wt% sPPB-H"*) and the cathode ionomer loading was varied from 15 to 30
wt% sPPB-H*. Polarization curves of MEAs with 15, 20, 25, and 30 wt% cathode content
are overlayed in Fig 3-5. The best performance is obtained with 20 wt%, where the cell

voltage was 1.83Vat1Acm?and 70T .

Voltage (V)

—— 15 wt% sPPB in cathode CL

1.4
—u— 20 wt% sPPB in cathode CL
—e— 25 wt% sPPB in cathode CL
124 —— 30 wt% sPPB in cathode CL

—r——TF = T = T =~ T - T T
00 02 04 06 08 10 12 14 16 18 20 22
Current density (A/cm?)

Figure 3-5 Polarization curves for wholly sPPB-H* based MEAs (70 °C, ambient
pressure, 200 mLu,0 min') with different weight percent of ionomer
in the cathode catalyst layer. These MEAs contain ~3.5 mg; cm2,20
wt% sPPB-H* in anode, and ~1.0 mge: cm?, and a 50 ym sPPB-H*
membrane.

EIS analysis of this series are presented as Nyquist plots and Bode plots in (Fig
3-6) and summarized in Table 3-3. Changing cathodic ionomer content fluctuates Ro
value around 230 mQ cm? and the characteristic frequency for cathode remains stable.
The 20 wt% sPPB-H" in the cathodic electrode gives peak performance in polarization
curves (i.e., lowest voltage) as Rcr is at its smallest (515 mQ cm?) (Table 3-3).
Decreasing or increasing cathodic ionomer content from this amount yields higher Rcr.
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Figure 3-6  a) Nyquist and b) Bode plots performed at 100 mA-cm for wholly
sPPB-H* based MEAs (70 °C, 200 mLu,0 min-') with different weight
percent of ionomer in cathode catalyst layer. These MEAs contain
~3.5 mgir cm2, 20 wt% sPPB-H* in anode, and ~1.0 mge: cm?, and a
50 um sPPB-H* membrane. The average value and standard identical
samples are summarized in Table 3-3.

Table 3-3 Summary of the EIS all sPPB-H* based MEAs with different ionomer
content in cathode.

Charge tChar?e tChar?e
Ohmic | transfer Rer ranster - ranster -
Cathode | Anode resistance @ Rer, oopt | Characteristic  Rcr, o0p2 | Characteristic
content | content Ro @70 °C| 100 mA cm? @ frequency ioop 1 @ frequency ioop 2
(%) %) | o= . 100 mA cm (Hz) 100 mA cm2 (Hz)
(mQ cm2) 70 °C 0 °
(mQ cm?) 70 °C 70 °C
(mQ cm?) (mQ cm?)
15 196118 672+40 17231 486114
20 % 24415 515+11 754 15800 439+16 10
25 262+25 62214 15142 47243
30 226+23 6726 285122 387116
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Chapter 4.
Chronopotentiometry and hydrogen gas crossover

Chronopotentiometry at a current density of 1 A cm™ and 70 °C was performed
on two sPPB-H* membrane based MEAs, two Nafion 112 based MEAs, and three
wholly-hydrocarbon based MEAs using sPPB-H* as membrane and in the catalyst
layers. The corresponding voltage change for MEAs with the different membrane but
with Nafion® ionomer in the catalyst layer is plotted in Figure 4-1. The corresponding

voltage change for wholly sPPB-H* based MEAs is plotted in Figure 4-2.

For sPPB-H* membrane MEA-1, the voltage increased 3.29 mV h™' at 1 A cm
over the first 40 h. For sPPB-H* membrane MEA-2, the voltage increased 1.63 mV h"
over the first 46 h. The voltages of sPPB-H* membrane MEAs both gradually increased
to the point where the voltage became unstable and then dropped rapidly. For Nafion
112 MEA-1, the voltage was more stable, with an increase of 0.122 mV h-'. For Nafion
112 based MEA-2, the voltage actually decreased 0.07 mV h™'. In order to explain the
latter, prior to chronopotentiometry, it is noted that each MEA had been conditioned for
at least 40 min and underwent several electrochemical measurements (I-V polarizations
and EIS at 70 °C, respectively). The decreasing voltage over 100 hours for Nafion 112
MEA-2 may arise from impurities in the catalyst layers being slowly flushed out during
operation, exposing more active catalyst sites. For Nafion 112 MEAs, the degradation
rate over 1000 hours is tens to hundreds of microvolt per hour according to testing
conditions of different groups.?® The degradation rate for sPPB-H* was significantly
higher than for Nafion®. For sPPB-H* membrane MEA-2, chronopotentiometry was
temporarily stopped at 3 h, 10 h, and 40 h in order to carry out electrochemical
measurements (i.e., polarization curves and EIS). The Greenlight Innovation E20 water
electrolysis test station (ETS) was shut down at 48 h for 20 min (without water and heat

supply) as the pressure for the nitrogen for the safe purge was too low.

Chronopotentiometry (Figure 4-2) for sPPB-H" MEAs with 20 wt% sPPB-H" in
both anode and cathode was investigated. The MEAs did not survive more than 5 h

operation. From 0.5 h to 2 h, the voltage evolution rate for wholly- sPPB-H* based
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Figure 4-1

Figure 4-2
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100 h chronopotentiometry for two sPPB-H* membrane based MEAs
and one Nafion 112 based MEA at 70 °C (200 mLu.0 min™). These
MEAs contain ~3.5 mg;: cm?, 10 wt% Nafion®ionomer in anode and
~1.0 mgpe: cm2 20 wt% Nafion® ionomer in cathode. The difference
between MEAs is the membrane type (x - ETS shut down for safe
maintenance.
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Chronopotentiometry for three wholly-hydrocarbon based MEAs
using sPPB-H* as membrane and in the catalyst layers at 70 °C (200
mLu.0 min). These MEAs contain ~3.5 mg; cm?, 20 wt% sPPB-H" in
anode and ~1.0 mge: cm2, 20 wt% sPPB-H* in cathode, and a 50 pym
sPPB-H* membrane.
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MEA-1 was 21.3 mV h™, for the wholly-sPPB-H* MEA-2, it was 17.3 mV h™" and for MEA-
3, itwas 34.0 mV h.

To analyze the increase of voltage in the early operating period (0-100 h), a 10 h
chronopotentiometry measurement was carried out (Figure 4-3 c) for a sPPB-H* based
MEA, and compared with a wholly- PFSA MEA. During the 10 h period, the voltage
decreased 0.375 mV h™' for Nafion 112 MEA-3 while the voltage increased 4.47 mV h*'
for sPPB H* based MEA-3. The polarization curves and EIS Nyquist plots before and
after 10 h chronopotentiometry are compared in Figure 4-3. PFSA based MEAs appear
stable according to both the polarization curves and iR-free polarizations before and
after 10 h chronopotentiometry, as those curves are virtually overlapping. In contrast,
sPPB-H* membrane MEA-3 reveals that iR-free voltages before and after
chronopotentiometry shift, demonstrating that degradation arises not only from the
membrane. Loss of activity of the catalyst can be observed from the increase of
activation overpotential in the low current density range from the polarization curve. Rcr,
determined by EIS, did not change; however, the faradic reactions from both electrodes
became more distinguished after 10 h (Figure 4-3 b). The Rq increased from 178 to 243
mQ cm? after 10 h operation. The substantially increased Rq indicated the increase of

voltage shown in Figure 4-1 is largely caused by the rise of Rq.

There can be two mains for the increase of Rq: an increase in electrical
resistance or an increase in ionic resistance. The increase of electrical resistance is
caused by surface oxidation of electrical components, especially on the anode side.
lonic resistance increases from a decrease in membrane conductivity and/or
delamination between the electrode and membrane. The effect of metallic oxidation is
not apparent over a 100 h chronopotentiometry analysis as surmised from the
observation that the ohmic resistance for Nafion MEA did not change. However,
passivation of Ti flow fields became noticeable after several chronopotentiometry studies
(Appendix B). Loss in membrane conductivity could result from contamination by
multivalent ions (e.g., iron and nickel) released from the ETS stainless steel connections.
The conductivity of circulated water before and after the long-time chronopotentiometry

was therefore measured and compared (Appendix C).
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Figure 4-3  a) Individual polarization curves (line+symbol) and iR-corrected cell
voltage verse current density [before (solid line) and after (dash line)
10 h chronopotentiometry], b) Nyquist plot performed before (solid
symbols) and after (empty symbols) 10 h chronopotentiometry at
700 mA-cm?, c) 10 h chronopotentiometry for one Nafion 112 based
MEA and one sPPB-H* membrane based MEA (70 °C, ambient
pressure, 200 mLu,0 min™). These MEAs contain about 3.5 mg;, cm?
(10 wt% Nafion®ionomer) on anodic side of the membrane and 1.0
mge: cm2 (20 wt% Nafion® ionomer). The difference between the
MEAs is the membrane type.

For Nafion 112 MEAs, the increase of conductivity for the circulated water for
both electrodes was negligible: the conductivity of anodic circulation increased from 0.60
to 0.76 uS cm™" while the conductivity of cathodic circulation water increased from 0.56
to 0.62 uS cm™. For sPPB-H* membrane MEAs using Nafion® in the catalyst layers,
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conductivity value for the anodic circulation water after chronopotentiometry study
increased slightly over time. The conductivity of the anodic circulation water increased to
1.27 uS cm™ from 0.44 uS cm™ after 100 h chronopotentiometry test while the

conductivity of cathodic circulation only increased to 0.65 uS cm™ from 0.40 uS cm.

The water conductivity for wholly-sPPB-H* MEAs after 5 h chronopotentiomety
was also investigated and the conductivity of circulated water increased significantly
(Appendix C). At the beginning, the conductivity of the deionized water for both anode
and cathode was around 0.44 uS cm™'. After 5 h circulation, the conductivity of water for
the cathode was increased to 1.07 uS cm™'. The water conductivity for the anode was
over 7.25 uS cm™'. From the three-layer cross-sections (Figure. D3) for wholly-sPPB-H*
based MEA, Ir catalysts can hardly be found on the membrane surface after the
chronopotentiometry. The precipitate of Ir can be found in anodic circulation water
(Figure. C1) after chronopotentiometry study. Therefore, the increase of the water

conductivity is caused by the catalyst delamination.

From the ex-situ dimensional change observed for different membrane after
soaking in water for 24 h (Table 4-1), the thickness of sPPB-H" increased by 62.5% from
50 ym. The Nafion 112 membranes which initially had similar thickness like sPPB-H*
increased only by 14.4% after soaking. Accordingly, for the in-situ water electolysis
studies, delamination of the catalyst layer occurred due to swelling of sPPB-H* at the
membrane/electrode interface, therefore the water conductivity of sPPB-H* membrane
based MEAs was slightly higher than Nafion 112 MEAs. For wholly-sPPB-H* based
MEA, the swelling occurred at the interface as well as inside the catalyst layers, the

catalyst delamination was severe and significantly caused water conductivity increase.

One of the reasons for the increase of Rq is therefore from the reduced contact
between the membrane and catalyst layers and the increased proton transport
resistance inside the catalyst layer due to the loss of ionomer (Figure 4-3 b and Figure
4-4). Due to the lack of ionomer as the binder to secure the catalyst particles, Rer also

increases.
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Table 4-1 Dimensional changes of proton exchange membranes (ca. 2*2 cm,
50 um) from ambient to fully hydrated (equilibrated in DI H20 for 24
h) states at room temperature and 70 °C, respectively.

Membrane  Are@@oomt (%)  Thicknessboomt (%)  Water uptake ratio%oon T Arearo-c  Thicknessy-c

(%) (%)
SPPB-H+ 16.4+0.4 62.5+1.8 78.143.3 42.041.3 10343
NR-112 6.1£0.7 14,4417 13.7+0.4 252424 36418

2 In-plane (XY) area ® Out of plane (Z) thickness ¢ Water uptake ratio=—sse

Mdry
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Figure 4-4  a) Individual polarization curves (line+symbol) and iR-corrected cell
voltage verse current density [before (solid line) and after (dash line)
long time chronopotentiometry], b) Nyquist plot performed before
(solid symbols) and after (empty symbols) chronopotentiometry at
700 mA-cm for wholly-sPPB-H* based MEAs (70 °C, ambient
pressure, 200 mLu.0 min™). The MEA contains about 3.5 mg;: cm?, 20
wt% sPPB-H" in both anode and cathode. (Polarization curves and
EIS for wholly-sPPB-H* based MEA is plotted with that of sPPB-H*

membrane based MEA and Nafion 112 based MEA to make a direct
comparison.)
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The gaseous exhaust of the anode during chronopotentiometry (@ 1A cm) for
different MEAs was collected to analyze in-situ hydrogen gas crossover into the anode
compartment (i.e, contamination of electrochemically generated oxygen) (Figure 4-5).
Initially, at 1 A cm2, wholly-Nafion ionomer MEA yields a hydrogen crossover of 1.10
vol% in oxygen, and stabilizes at that value. For sPPB-H* membrane MEAs (Nafion® as
ionomer), Hz gas crossover is reduced (0.55 vol%). Wholly-sPPB-H* MEAs yield an even
lower H> gas crossover of ~ 0.4 vol%. However, the low gas crossover was not stable.
For the sPPB-H* membrane MEAs-2, the hydrogen in oxygen at 1 A cm increased
almost linearly from 0.58 to 1.17 vol% for the first 40 h. For wholly-sPPB-H* MEAs, gas

crossover is >1 vol% after only 3 hours of chronopotentiometry.
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Figure 4-5 In-situ measurements of anodic hydrogen crossover using gas
chromatography. The gas was collected at 70 °C at @ 1 A cm from
ambient pressure water electrolysis for wholly sPPB-H* based
MEAs, a sPPB-H* membrane (Nafion D520 as ionomer) based MEA
and a wholly PFSA based MEA.

As the dissolved gas can diffuse through water-filled channels in the electrolyte
membrane.>* The driving force is the differential concentration of dissolved gas in the
liquid water across the membrane. Coinciding with an increase in hydrogen crossover in
anode, increased oxygen in cathode is expected. The crossover of oxygen can lead to
the electrochemical formation of hydrogen peroxide (H203) at the cathode side (0.68 V

vs. RHE). Peroxide may decompose into free radicals in the presence of metal-ion
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impurities which can lead to chemical degradation of the components.®:87 As the cell
voltage during chronopotentiometricy analysis reaches high positive values (> 1.7 V),
chemical degradation of membrane by the radical attack becomes a possibilty. A gradual
loss of membrane can also be one of the reasons for the increase of Ra. Moreover,
chemical degradation may result in the formation of pinholes in the membrane, leading
to the increased gas crossover. In turn, increased gas crossover through pinholes may
also increase the contact resistance of the catalyst layer with the membrane, via
delamination. Visual proof of delamination of the catalyst layer is presented in Figure C2

in Appendix C.

As mentioned above, the current supplied to sPPB-H* membrane MEA-2 was
interrupted at 3 h, 10 h and 40 h in order to perform electrochemical measurements and
after 48 h to change the safely purge gas supply (Figure 4-1). A sharp increase of gas
crossover was also found at 40 h and 48 h, and the MEAs became fragile, losing
mechanical strength. The unstable and dropping voltage in the later part of the
chronopotentiometry is also the result of increasing gas crossover. The permeated
oxygen can combust with hydrogen near the cathode by Pt, creating hot spots affecting
cell stability. The presence of oxygen at the cathode via gas crossover also leads to a
parasitic current, giving the appearance of depolarization of the cell, analogous to “soft

shorts”. 13,88, 89

A soft short is a term for an electrical short that does not cause immediate cell
failure.®® When a soft short arises in the system, the current first passes through the
electrical short until the threshold water-splitting voltage is reached. Polarization analysis
and EIS (Figure 4-6 a and b) were also performed at the end of chronopotentiometry
study (75 h for sPPB-H" membrane MEA-2 and 100 h for Nafion 112 MEA-2). Wholly-
PFSA MEAs were stable after 100-h chronopotentiometry. For the sPPB-H* membrane
MEA, the cell polarization shows two slopes below and above 0.5 A cm? after 75-h
chronopotentiometry. The steep slope at the region where the Nernst potential of water
splitting not reached is caused by “soft shorts”.8% 8 The occurrence of short circuit
resistor is verified using a modified equivalent circuit to fit the EIS spectra (Figure 4-6 c).
When the membrane is electrically shorted, a “damaged cell circuit” is used containing a
short circuit resistor parallelly connected to a “normal cell circuit”. Initially, the current
travels through the short circuit resistors. No gas generation occurs. When the water

splitting voltage is reached, some of the current is used for faradic reactions for
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producing hydrogen and oxygen while others are consumed as short-circuiting current.
For MEAs in which membranes have not been short-circuited (Nafion 112 MEAs before
and after chronopotentiometry and sPPB-H* membrane MEAs before

chronopotentiometry), their impedance data fits well using a “normal cell” circuit, i.e., all

the current flows through the electrolytic cell.
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Figure 4-6  a) Polarization curves and b) Nyquist plot (700 mA-cm?) performed
at 70 °C and ambient pressure (200 mLu.0 min‘') before (solid
symbols) and after (empty symbols) long time chronopotentiometry
(75 h for sPPB-H* membrane based MEA-2 and 100 h for Nafion 112
based MEA-1). The difference between MEAs is the membrane type.
C) Equivalent circuit fitting for a normal cell and a damaged cell with
electrical short circuit. Adapted with permission from reference 88.
Copyright 2006 Springer-Verlag.
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The soft shorting is generally related to physical damage of the membrane during
fabrication of the MEA from the fibers of gas diffusion layers, the catalyst aggregates
and/or the conductive impurities trapped between membrane and catalyst layers may
penetrate into the membrane.® 8% 8 This mechanical penetration depends on the cell
compression. As sPPB-H" is prone to excessive dimensional swelling and loss of
mechanical strength soft shorting is more probable. Except for the physical damage, the

chemical degradation induced pinholes can also generate soft short.
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Chapter 5.
Conclusions

A non-fluorinated hydrocarbon-based PEM, made of sulfonated phenylated
polyphenylene biphenyl (sPPB-H*) was examined as an alternative to a traditional

perflorosulfonic acid (PFSA) membrane, Nafion, for use in a PEMWE.

In chapter 3, sPPB-H* was examined as the membrane in an PEMWE cell. When
measurements were performed using Nafion D520 as ionomer in the catalyst layer,
sPPB-H* membrane (approx. 50 ym thick) provided a lower voltage of 1.70 V at 1 A cm™
compared to a reference Nafion 112 membrane (1.75 V at 1 A cm™). The improvement
of polarization performance is due to the much lower ohmic resistance of sPPB-H*
membrane MEA compared to Nafion 112 MEAs. The intrinsic high proton conductivity of
the sPPB-H* membrane is the determinant of low ohmic resistance for sPPB-H"*
membrane MEAs. The employment of sSPPB-H" as ionomer in the catalyst layer was
also investigated. The peak performance was obtained when the anodic and cathodic
ionomer content were both 20 wt%. The voltage for a wholly-hydrocarbon-based sPPB-
H* MEA was as low as 1.83 V at 1 A cm™.

In chapter 4, the stability of different MEAs in an electrolyzer cell was
investigated. sPPB-H* membrane MEAs using Nafion D520 in the catalyst layer
exhibited a higher rate of voltage increase compared to Nafion 112 MEAs. The voltage
of sSPPB-H* membrane MEAs at 1 A cm?2increased, became unstable, and fell due to
cell failure. The current-voltage characteristics of MEAs was analyzed using polarization
curves, EIS, and gas crossover analyzed by gas chromatography. The sPPB-H*
membrane MEA initially showed two times lower gas crossover than Nafion membranes.

However, gas crossover increased over time.

Overall, the ability of sPPB-H* membrane to maintain its electrochemical
performances over a long time in a water electrolysis cell is inferior to state-of-art PEM
Nafion®. It is noted that sPPB-H* swells much more than Nafion and is more sensitive to
the radical attack. The rate of increase in voltage at 1 A cm= is due to a loss of proton
conductivity, gradual chemical degradation of the membrane, and delamination of the

catalyst layer. It is speculated that oxygen gas allows the formation of peroxide radical
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that attack sPPB-H*, forms pinholes in membrane, which in turn, exacerbates gas
crossover, degradation, and eventually resulting in an unstable and/or abruptly

decreased voltage, and failure of the cell.
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Chapter 6.
Future work

Degradation of membrane electrode assemblies during water electrolysis is
complex, but mainly involves three factors: the membrane, the catalysts, and the

hardware. Advancements are need in all three areas.

As the above-mentioned soft short is related to the chemical degradation induced
pinholes. To figure out the degradation mechanism of the membrane, nuclear magnetic
resonance, mass spectroscopy and gel permeation chromatography can be carried out
to characterize the possible degradation products.®” Hydrogen peroxide (H20) is
suspected to be involved. The formation of H,O. could be analyzed by using peroxidaze
enzyme and UV-vis absorption spectrophotometry.®’ The ion exchange capacity of the
membrane before and after the chronopotentiometry can also be measured to determine
whether the degradation is preferential for the ionic group.®? A deeper understanding of
the degradation mechanism can help the future improvement of the membrane. Refer to
the increasing gas crossover and related radical attack on membrane, a radical
scavenger such as cerium (Ce) or manganese (Mn) ions may be explored as a route to
mitigate membrane degradation.®® To mitigate excessive swelling of polymers and
reduce gas crossover, different structures of polymers may be investigated.** The
linearity of sPPB-H* maybe reduced by introducing branched phenyl moieties in the
backbone.® Compare to the sPPB-H* which repeating units are linked together by linear
(para) biphenyl groups, polymers with branched moieties is considered to have lower

water uptake as increased entanglement. 949596

To decrease the hydrogen crossover and reduce the probability of reaching the
explosion limit of hydrogen in oxygen (3.9 vol% H: in O2), PtCo alloy, which has the
capacity of recombing Hz with Oz, can be introduced between membrane and Ir as a
dual-layer anodic electrode.®” The addition of PtCo alloy electrochemically consumes
permeated H. and also increase the electrochemical kinetics of the oxygen evolution

reaction .%7

In this thesis, the etching of flow fields was performed periodically, and the

replacement of old Ti PTLs was essential. Precious metal coatings on Ti-based
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components with Pt or Au can be a way to reduce the degradation of hardware.'®% As
the high potential of anode facilitates oxidation of Ti-based components of the cell (i.e.,
Ti flow fields and Ti PTLs), the ohmic resistance and cell voltage will gradually increase.
Pt can be deposited on Ti components to suppress oxidation and therefore simplify the
daily operation (i.e., etching the flow fields from time to time and monitoring the
hardware resistance every week). Future work may consider coating flow fields with Pt
using thermal evaporation, sputtering, or electro-deposition. Different thickness of Pt

coating affects electrical conductivity of the cell.*®
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Appendix A. An example of Agilent GC report
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Gas chromatogram output from Agilent 990 Micro GC showing the
separation of anodic gas.
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Compound: H2

Signal: Agilent 990 Micro GC1A o
Exp. RT: 0.289 280
) 2601 Level: 3
Residual: 9.22690 2401 AvgRes: 215.564
2204
R: 0.99688 200+
) 180 Level: 2
RA2: 0.99376 g 10 AvgRes: 138.892
Formula: y=ax+b < 120
1004
a: 215909 80
) 80
b: 5.679 il
c: 20
d: 0 1 2 3 4 5 6 7 & 8§ 10 11
Amount
Compound: 02
Signal: Agilent 990 Micro GC1A o
Exp. RT: 0.540 2604 Level: 5
: E 2401 AvgRes: 247,
Residual: 901
. 2004
R: 1.00000 el
RA2: 1.00000 1604
8 1401
Formula: y=ax+b << 1207
1004
: 801
a: 24793 o
b: 0.0000 404
c: 204
- o]
d: T T T T T T T

Figure A2. Calibration of H; in the mixture gas using 2, 5.71 and 10 vol% H: in
N: standard gas. Calibration of O, using 99.998 % O..
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Appendix B. Etching of Ti flow fields

Ti is the most commonly used material for bipolar plates and PTLs of PEMWEs.
However, Ti shows gradual oxidation under ambient conditions, especially for anode
compartment of water electrolysis where anode is polarized to a high potential. The
presence of semi-/nonconducting oxide layer has a negative effect on the electrolysis
performance: an increase in contact resistance, however, it also prevents the Ti from
further oxidation due to high stability."?* The oxidation of Ti materials (i.e., Ti flow fields
and Ti PTLs) is inevitable during water electrolysis and so the dry hardware resistance is
measured every week using potentiostatic electrochemical impedance spectroscopy
(EIS) at 0 V with the AC perturbation at 10 mV. When the hardware resistance is over 50
mQ cm?, new Ti PTLs are used. When the hardware resistance is over 75 mQ cm? and
exchange the new Ti PTLs does not improve the condition, the etching of the flow fields

is performed.

The etching was performed by immersing Ti flow fields in an oxalic acid solution
(15%) at 77 °C for 45 min and then in concentrated sulfuric acid (96%) for 2 s. After
chemical etching, Ti was washed several times in hot DI water. The impurities and
passivation layer were removed after etching (Table B1). The hardware impedance was
decreased (Table B2).

Before etching After etching

Table B1 Apperance of Ti flow field before and after etching
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Table B2 Mass of flow fields change and hardware resistance change before

and after etching

Before etching After etching
Weight of anodic flow field (g) 3.8947 3.8543
Weight of cathodic flow field (g) | 3.9067 3.8833
Hardware resistances (mQ cm?) | 81.5 21.5

(1)

Bystron, T.; Vesely, M.; Paidar, M.; Papakonstantinou, G.; Sundmacher, K.;
Bensmann, B.; Hanke-Rauschenbach, R.; Bouzek, K. Enhancing PEM Water
Electrolysis Efficiency by Reducing the Extent of Ti Gas Diffusion Layer
Passivation. J. Appl. Electrochem. 2018, 48 (6), 713—723.
https://doi.org/10.1007/s10800-018-1174-6.

Jung, H. Y.; Huang, S. Y.; Popov, B. N. High-Durability Titanium Bipolar Plate
Modified by Electrochemical Deposition of Platinum for Unitized Regenerative
Fuel Cell (URFC). J. Power Sources 2010, 195 (7), 1950-1956.
https://doi.org/10.1016/j.jpowsour.2009.10.002.

Iniesta, J.; Gonzalez-Garcia, J.; Fernandez, J.; Montiel, V.; Aldaz, A. On the
Voltammetric Behavior of a Platinized Titanium Surface with Respect to the

Specific Hydrogen and Anion Adsorption and Charge Transfer Processes. J.
Mater. Chem. 1999, 9 (12), 3141-3145. https://doi.org/10.1039/a903479;.
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Appendix C. Conductivity of circulation water and
photos of electrodes and MEAs

18.2 MQ deionized water was fed through the Greenlight electrolyzer test station
(ETS) to anode and cathode compartments of the cell and re-circulated at 200 mL min™".
The initial conductivity for the 18.2 MQ deionized water is around 0.4 to 0.5 uS cm™. The
conductivity of the water was also tested after water electrolysis measurements (i.e.,

polarization curves, electrochemical impedance spectroscopy and chronopotentiometry).

Table C1 Conductivity of circulation water before and after

chronopotentiometry for all PFSA based MEA (upper), for sPPB-H*
membrane based MEA (middle) and for wholly-sPPB-H* based MEA.

(bottom).

All PESA based MEAs Cathodic C|rcula_t|on water Anodic C|rculat!on water
(uS cm-) (uS cm-)
Before WE test 0.56 0.60
After WE test (\{wth 100-h 0.62 0.76
chronopotentiometry)
SPPB-H* membrane based MEA Cathodic C|rcula_t|on water Anodic cwculat!on water
(LS cm ) (S cm )
Before WE test 0.40 0.44
After WE test (\(vith 100-h 0.65 197
chronopotentiometry)

Wholly-sPPB-H- based MEA Cathodic C|rcula-t1|on water Anodic cwculat!on water
(uS cm) (uS cm)
Before WE test 0.44 0.43
After WE test (no 0.64 1.19
chronopotentiometry)
After WE test (with 5-h 1.07 7.25
chronopotentiometry)
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Figure C1
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Photographs of circulation water collected from the ETS anodic and
cathodic reservoir after chronopotentiometry for wholly-

hydrocarbon based MEAs using sPPB-H* as membrane and in the

catalyst, after one time exchange of fresh 18.2 MQ deionized water
(after @) and after second time exchange of reservoir water (after @
)-
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Figure C2

Photographs of anodic PTL, cathodic PTLs and MEAs after
electrochemical tests (without chronopotentiometry) for wholly
PFSA based MEA (upper) and for sPPB-H* membrane based MEA

(bottom).
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[l
Figure C3

Photographs of Nafion 112 based MEA and sPPB-H* membrane

based MEA after long term duraibility test (70 °C, 200 mLu.0 min™).
These MEAs contain ~3.5 mg;: cm?, 10 wt% Nafion®ionomer in
anode and ~1.0 mge: cm2 20 wt% Nafion® ionomer in cathode. The
difference between MEAs is the membrane type.
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Appendix D. Scanning electron microscopy (SEM)
images of membrane-electrode assemblies (MEASs)

node
HE 1[DF "IJD

Figure D1 Cross-section unused (Ieft) and used (right) Nafion 112 membrane
based dry MEAs using Scanning Electron Microscopy (SEM). The
MEA contains ~3.5 mg;: cm?, 10 wt% Nafion®ionomer in anode and
~1.0 mgp: cm2 20 wt% Nafion® ionomer in cathode.

Figure D2 Cross-sectlon unused (Ieft) and used (rlght) sPPB-H* membrane
based dry MEAs using Scanning Electron Microscopy (SEM). The
MEA contains ~3.5 mgi: cm?, 10 wt% Nafion® ionomer in anode and
~1.0 mgp: cm2 20 wt% Nafion® ionomer in cathode.
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Figure D3

Cross-section wholly hydrocarbon sPPB-H* ionomer based MEA
after 3 h chronopotentiometry using Scanning Electron Microscopy
(SEM). The MEA contains ~3.5 mg;: cm, 20 wt% sPPB-H"* in anode
and ~1.0 mgp: cm?, 20 wt% sPPB-H"* in cathode, and a 50 ym sPPB-
H* membrane.
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