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Propositions
accompanying the dissertation

Towards low cost PEM fuel cells
Interfacial effects and material dynamics of a non­PGM electrocatalyst

by

Angie L. Rangel­Cárdenas

1. Interfaces are experimental, bulk is fundamental.

(Chapters 2, 3, 4 and 5 of this thesis.)

2. Traditional testing techniques often do not reflect the real conditions of the
intended application, leading to extraordinary claims or limiting us from re­
searching in different directions.

(Chapters 4 and 5 of this thesis.)

3. Typical hot­pressing methods to fabricate MEAs may cause fundamental changes
to the materials, rendering fundamental research mostly useless.

(Chapter 5 of this thesis.)

4. Manganese oxides are an electrocatalysis super­hero as their spin­ and elec­
tronic configurations can be fine­tuned according to the desired application.

(Chapters 4 and 5 of this thesis.)

5. Policies that favour women towards high positions are not a sign of their
weakness, but crucial to close the gender gap in academia and industry.

6. Indifference is at the heart of all problems. If we are not part of the solution,
then we are perpetuating the problem.

7. Idolization of extroverted traits is yet another form of discrimination that leads
to stereotyping of introverts and disregards their contribution to society.

8. Perfection is often expected from those taking steps towards a more conscious
and sustainable lifestyle, while imperfect solutions are already better.

9. Asking someone with mental health illness to ’just get over it’ is as ridiculous
as asking someone with a gallbladder problem to ’just heal it’.

10. Letting go is a valuable skill both for life as for science. There is no per­
fect experiment or perfect data, making drawing conclusions and generating
knowledge an art form.

These propositions are regarded as opposable and defendable, and have been
approved as such by the promotor prof. dr. S.J. Picken.
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Summary
The rapid increase in global energy consumption and world population calls for
faster solutions to alleviate the damage done so far to the environment and minimise
the dire consequences we might expect in the next decades. In the last 100 years,
energy consumption has increased almost 10­fold, going from 18 PWh a year to
~171 PWh a year. At the same time, global population has multiplied 4­fold and
is predicted to be around 8.5 billion by 2030 and 9.7 billion by 2050. A larger
population will intensify energy demands, making controlling our CO2 emissions
more urgent than ever. Increasing the utilisation of renewable energy sources has
been a main objective in order to comply to the Paris agreement of keeping the
global temperature increase below 2 °C and to comply to the EU Green Energy Deal
of carbon neutrality by 2050. Towards this direction, hydrogen has been proposed
as a strong candidate as it is a transportable and storable energy carrier. As a fuel,
it can be used in polymer­electrolyte­membrane fuel cells (PEMFCs) where it can
generate electricity by recombining hydrogen with oxygen having water as the only
by­product. This makes it an attractive device in the quest for carbon­neutral energy
production. Since they were first used in the 1970s to power a spacecraft, PEMFCs
lost traction due to their high cost and short lifetime. However, this clean energy
technology has recently regained interest in academia, government and industry. As
an example of fuel cell (FC) commercialisation, we have seen successful introduction
of FC vehicles in the market in the last few years. Since the world’s first FC vehicle
was introduced into the commercial market in 2002 by Toyota, FC vehicles and FC
hybrid vehicle production and use has steadily increased.

PEMFCs find application in many fields such as portable power, stationary elec­
tricity generation, transportation or large electrical plants. The most common appli­
cation of PEMFCs is in vehicle engines where they are usually paired with other forms
of energy storage units in what is known as hybrid electric vehicles (HEVs). De­
spite their many environmental and efficiency advantages, PEMFCs still face many
challenges before they can reach broader commercial use. The most important
factor in this regard is probably their still high cost, where approximately 40­50%
of a FC stack cost is due to the materials used as catalysts, i.e. Pt group metals
(PGMs). Platinum is an ideal electrocatalyst due to its fast kinetics in acidic media
towards the oxygen reduction and hydrogen oxidation reactions (ORR and HOR,
respectively). However, its high cost and susceptibility to CO poisoning have been
a major impediment to the commercial establishment of PEMFCs. This has led to
research focusing on lowering Pt loading, specially at the cathode where about 80%
of the catalyst is found due to the more sluggish kinetics of the ORR. On the other
hand, developing PGM­free electrocatalysts to completely replace Pt with cheap,
Earth­abundant materials is another solution that has shown a lot of potential. A
significant improvement has been shown towards ORR in the last decade with a lot
of these electrocatalysts using Co, Fe, Ni, Mn, etc., in different crystal structures.

xi



xii Summary

In general, transition metals oxides (TMOs) have recently attracted a lot of atten­
tion because of their low cost, high electrichal conductivity and their wide range of
chemical and physical properties. There is a broad range of crystal structures with
their accompanying metal oxidation state, electronic configuration and magnetic
properties that are fundamentally interesting to understand in order to rationally
design new, more efficient electrocatalysts.

In this thesis, fundamental insights on a non­PGM material will be presented, i.e.
spinel LiMn2O4­based electrocatalyst for PEMFC, and its working principle as a HOR
and ORR electrocatalyst. In addition to that, part of this thesis will deal with FCs in
a more ”macro­scale” viewpoint. There is still a wide gap when translating intrinsic
activity of the catalytic materials into membrane­electrode assemblies (MEAs) and
a complete FC. This has to do with the traditional methods employed to screen
new materials, which are typically not representative of a real­world FC, e.g. liquid
electrolyte vs. polymer electrolyte. To this end, interfacial effects in a PEMFC have
been studied by means of mass and charge transport where we show that losses in
this small area of a cell are the most significant, thus making it major focus when
designing new devices.

In chapter 1, the context in which the importance of fuel cells exists is presented.
At the same time, the theory and methods relevant to understand the following
chapters are shortly presented.

In chapter 2, we discuss the ambiguity found in literature when discussing trans­
port properties while we emphasize that these cannot be properly discussed unless
interfacial effects are taken into consideration. Here, we propose an approach
based on non­equilibrium thermodynamics in order to disentangle the effects of
bulk and interface in these properties. In addition, in chapter 3, we study interfacial
effects on mass transport further. We show that deviation from Fickian behaviour
in water transport in a half MEA is due to interfacial effects and that results may
vary in orders of magnitude depending on the length scale studied.

In chapters 4 and 5, we study a novel electrocatalyst based on a spinel lithium
manganate. We propose that proton insertion in a spinel LiMn2O4 (LMO) can make
it active towards ORR and HOR. First, we describe synthesis methods and study
proton insertion in the spinel crystal structure. Proton insertion is achieved by ion­
exchange with Li ions in the structure. We find protonation to happen in two steps;
first, Li is removed from the structure down to 60%, and second, a Li+/H+ exchange
reaction is dominant below this point. In addition, we have found protons to occupy
the 96g position (in Wyckoff notation) of the crystal structure.

These proton­exchanged LMOs, or HLMOs, as we shall refer to them, show an
increased activity towards ORR in acidic media. We believe a synergistic effect
between protons and active Mn centres is responsible for the increased activity.
Furthermore, we believe Mn(III) centres with the high­spin configuration to be
the active Mn site and whose formation is aided by proton insertion and by small
amounts of Li remaining in the structure.

Finally, HLMOs were tested in an operating FC. Here we found them to be active
at either electrode, i.e. to HOR or ORR. Oxygen vacancy formation/annihilation
and changes in the local structure are found to occur in the HLMO depending on
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whether it is used at the oxygen side or the hydrogen side. This can be understood
as the opportunity to optimize the material towards one reaction or the other by
fine­tuning structural and chemical properties such as oxidation state, bond length,
metal centre coordination number and oxygen vacancy concentration. Furthermore,
we find structure reversibility in HLMO electrocatalyst, meaning that by inverting the
cell the initial structure could be recovered at least twice. This opens opportunities
for future research in catalysis regeneration.

In short, in this thesis we aim to demonstrate the importance of interfaces and
to propose a new class of materials that could lead to low cost PEMFCs. We provide
tools to analyse interfaces in more systematic manners and propose a material with
inexpensive preparation methods whose raw cost is ca. 3000 times lower than that
of platinum.





Samenvatting
De snelle toename van het wereldwijde energieverbruik en de wereldbevolking
vraagt om snellere oplossingen om de schade aan het milieu tot nu toe te verlichten
en de ernstige gevolgen die we in de komende decennia kunnen verwachten tot
een minimum te beperken. In de afgelopen 100 jaar is het energieverbruik bijna
vertienvervoudigd, van 18 PWh per jaar naar ~171 PWh per jaar. Tegelijkertijd is
de wereldbevolking vermenigvuldigd met een viervoud en er wordt voorspeld dat er
tegen 2030 ongeveer 8.5 miljard mensen zullen zijn en in 2050 9.7 miljard. Het ver­
hogen van het gebruik van hernieuwbare energiebronnen is een belangrijke doel­
stelling geweest om te voldoen aan de “Paris agreement” en “de EU Green Energy
of carbon neutrality” om de wereldwijde temperatuurstijging tegen 2050 onder de
2 °C te houden. Daarom is waterstof voorgesteld als een potentiële kandidaat,
omdat het een transporteerbare en opslaanbare energiedrager is. Als brandstof
kan het worden gebruikt in Polymer Electrolyte Membrane brandstofcellen (PEM­
FCs) waar het elektriciteit kan opwekken door waterstof opnieuw te laten reageren
met zuurstof met water als enige bijproduct. Dit maakt het een aantrekkelijk sys­
teem in de zoektocht naar CO2­neutrale energieproductie. Sinds de PEMFCs voor
het eerst werden gebruikt in de jaren 1970, om een ruimtevaartuig van stroom te
voorzien, verloren PEMFCs interresse vanwege hun hoge kosten en korte levens­
duur. Deze schone energietechnologie heeft echter onlangs weer interesse gewekt
in de academische wereld, de overheid en de industrie. Als voorbeeld van com­
mercialisering van brandstofcellen (Fuel Cells, FCs) hebben we de afgelopen jaren
een succesvolle introductie van FC­voertuigen op de markt gezien. Sinds ’s werelds
eerste FC­voertuig in 2002 op de markt werd geïntroduceerd door Toyota, zowel
FC­voertuigen als FC­hybride voertuigen, is de productie en het gebruik gestaag
toegenomen.

PEMFCs vinden toepassing op vele gebieden zoals in draagbare powertools, sta­
tionaire elektriciteitsproductie, vervoer of grote elektriciteitsbedrijven. De meest
voorkomende toepassing van PEMFCs is in voertuigmotoren waar ze meestal wor­
den gekoppeld aan andere vormen van energieopslagsystemen in zogenaamde hy­
bride elektrische voertuigen (HEV’s). Ondanks hun vele milieu­ en efficiëntievoorde­
len staan PEMFCs nog steeds voor veel uitdagingen voordat ze een breder commer­
cieel gebruik bereiken. De belangrijkste factor in dit opzicht is waarschijnlijk hun
nog steeds hoge kosten, waar ongeveer 40 ­ 50% van de kosten van een FC­stack
te wijten is aan de materialen die als katalysatoren worden gebruikt, d.w.z. Platina­
achtige materialen, de zogenaamde PGMs. Platina (Pt) is een ideale elektrokataly­
sator vanwege de snelle kinetiek in zure media ten opzichte van de zuurstofreductie
en waterstofoxidatiereacties (respectievelijk ORR en HOR). De hoge kosten en ge­
voeligheid voor CO­vergiftiging zijn echter een grote belemmering geweest voor de
commerciële implementatie van PEMFCs.

Dit heeft geleid tot onderzoek gericht op het verlagen van het Pt­gehalte, vooral

xv



xvi Samenvatting

in de kathode waar ongeveer 80% van de katalysator wordt gevonden vanwege
de meer trage kinetiek van de ORR. Aan de andere kant is het ontwikkelen van
PGM­vrije elektrokatalysatoren om Pt volledig te vervangen door goedkope, ruim­
beschikbare materialen, een interessante oplossing die in het afgelopen decennium
potentie heeft getoond met een aanzienlijke verbetering ten opzichte van ORR. Veel
van deze elektrokatalysatoren gebruiken Co, Fe, Ni, Mn, enz., in verschillende soor­
ten kristalstructuren. Over het algemeen hebben overgangsmetaaloxiden (TTO’s)
de laatste tijd veel aandacht getrokken vanwege hun lage kosten en hun variabele
oxidatietoestanden (OS), wat in combinatie met een hoge elektrische geleidbaar­
heid hen interessante chemische en fysische eigenschappen geeft. Er is een breed
scala aan kristalstructuren met hun bijbehorende metaaloxidatietoestand, elektro­
nische configuratie en magnetische eigenschappen die fundamenteel interessant
zijn om te onderzoeken om rationeel nieuwe, efficiëntere elektrokatalysatoren te
ontwerpen.

In dit proefschrift worden fundamentele inzichten over niet­PGM­materialen ge­
presenteerd, die gebaseerd zijn op spinel LiMn2O4 elektrokatalysatoren voor PEMFC
waarbij het werkingsprincipe als HOR­ en ORR­elektrokatalysator worden belicht.
Daarnaast zal een deel van dit proefschrift gaan over FCs in een meer ”macro­
scale”kader. Er is nog steeds een grote kloof bij het vertalen van de intrinsieke ac­
tiviteit van de katalysatormaterialen in zogenaamde membraanelektrodesystemen
(MEA’s) en een complete FC. Dit heeft te maken met de traditionele methoden die
worden gebruikt om nieuwe materialen te screenen, die meestal niet representatief
zijn voor een echte FC, bijvoorbeeld vloeibaar elektrolyt versus polymeerelektrolyt.
Hiertoe zijn interface effecten in een PEMFC bestudeerd door middel van massa­
en ladingstransport, waarbij we aantonen dat verliezen in dit kleine deel van een
cel het belangrijkst zijn, wat cruciaal is bij het ontwerpen van nieuwe apparaten.

In hoofdstuk 1 wordt het belang van brandstofcellen beschreven. vervolgens
worden de theorie en methoden die relevant zijn om de volgende hoofdstukken te
begrijpen gepresenteerd.

In hoofdstuk 2 bespreken we de discussie die in de literatuur wordt aange­
troffen bij het verklaren van transporteigenschappen, waarbij we benadrukken dat
deze niet goed kunnen worden besproken tenzij er rekening wordt gehouden met
interface­effecten.

Hier stellen we een aanpak voor op basis van niet­evenwichtsthermodynamica
om de effecten van bulk­ en interface­eigenschappen uit de doeken te doen.

Daarnaast bestuderen we in hoofdstuk 3 de interface­effecten op het massa­
transport in meer detail. We laten zien dat afwijking van Fickiaansgedrag in het
watertransport in een halve MEA te wijten is aan interface­effecten en dat de resul­
taten kunnen variëren in ordes van grootte, afhankelijk van de onderzochte leng­
teschaal.

In hoofdstuk 4 en 5 bestuderen we een nieuwe elektrokatalysator gebaseerd
op een spinel lithiummanganate (LiMn2O4 ) . We veronderstellen dat protoninser­
tie in een spinel LiMn2O4 (LMO) het actief kan maken voor ORR en HOR. Eerst
beschrijven we synthesemethoden en bestuderen we protoninsertie in de spinel­
kristalstructuur. Protoninsertie wordt bereikt door ionenuitwisseling met Li­ionen
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vanuit de structuur. We vinden protonering in twee stappen; allereerst wordt Li
tot 60% uit de structuur verwijderd en ten daarna ontstaat een uitwisselingsreactie
van Li+ met H+ onder dit punt. Deze H+­ionen komen vervolgens op de 96g­
positie (in Wyckoff­notatie) van de kristalstructuur in plaats van op de 8a­positie
die de Li+­ionen innamen. Deze proton­uitgewisselde LMO’s, of HLMOs, zoals we
ze zullen noemen, vertonen een verhoogde activiteit ten opzichte van ORR in zure
media. Wij geloven dat een synergetisch effect tussen protonen en actieve Mn­
centra verantwoordelijk is voor de verhoogde activiteit. Bovendien geloven we dat
Mn(III)­centra met de hoogspin­configuratie de actieve Mn­sites zijn en waarvan
de vorming wordt ondersteund door protoninsertie en door kleine hoeveelheden Li
die in de structuur achterblijven.

Ten slotte werden HLMOs getest in een operationele brandstofcel. Hier vonden
we dat ze actief waren op beide elektrodes, d.w.z. op HOR en ORR. De structuur
is verder onderhevig aan vorming en annihilatie van zuurstofvacatures, afhankelijk
van of het aan de zuurstof­ of waterstofzijde wordt gebruikt.

Voorts kan dit worden gebruikt als mogelijkheid om het materiaal voor de ene
of de andere reactie (HOR of ORR) te optimaliseren door structuur­ en chemische
eigenschappen zoals oxidatietoestand, bindingslengte, coördinatienummer van het
metaalion en de zuurstofvacaturenconcentratie te optimaliseren. Bovendien vin­
den we dat de structuur zich reversibel gedraagt in dezen HLMO­elektrokatalysator,
wat betekent dat door de cel om te keren de oorspronkelijke structuur kan worden
teruggewonnen. Dit opent kansen voor toekomstig onderzoek naar katalyserege­
neratie.

Kortom, in dit proefschrift willen we het belang van interfaces aantonen en een
nieuwe klasse materialen voorstellen die kunnen leiden tot goedkope PEMFCs. We
geven methodes aan om interfaces systematischer te analyseren en stellen een
materiaal voor met goedkope bereidingsmethoden waarvan de grondstofkosten ca.
3000 keer lager zijn dan die van platina.
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Introduction

The plan unravelled in freedom, so to speak,
as did all (his) other plans and intentions.

Patrick Süskind, The Perfume

In this thesis several aspects of PEM fuel cells will be discussed from an
atomic scale, e.g. crystal and electronic structure of non­noble metal ma­
terials for electrocatalysis and their dynamics, to a meso­macro scale, e.g.
transport properties in a cell and interfacial effects on them. In this chapter
basic theory necessary to understand the following chapters is presented as
well as the context in which PEM fuel cells are considered important as de­
vices for cleaner energy production. We describe alternative materials and a
short background of the material type studied in this thesis. The work done
in each chapter is shortly described in the last section.

1
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In the last few decades we have seen a rapid increase in research and utilisation
of renewable energy sources as the world’s energy consumption has spiked. How­
ever, this rise in renewable technologies, although promising, is still far from ideal.
In 2019, energy consumption was approximately 10 times larger than a hundred
years before, going from 18 PWh to ~171 PWh [1] (see figure 1.1). At the same
time, population has had a near 4­fold increase since the 1920s and is predicted to
be around 8.5 billion by 2030 and 9.7 billion by 2050 [2] (see figure 1.2). Decreasing
fossil fuel supply as well as increasing environmental and health concerns associ­
ated to their use, has been the drive of research and implementation of renewable
energies in the last decades. In the last 50 years, we have seen renewable energy
generation and consumption grow by almost a factor of 2, growing from ~10 PWh
in 1965 to ~18 PWh in 2019 [1]. Nevertheless, this is still a small increase in half a
century and just a fraction of overall energy consumption. In order to keep in line
with the Paris agreement’s objectives of keeping the global temperature increase
below 2 °C, the EU aims for carbon neutrality by 2050 as laid in the Green Energy
Deal [3].

Figure 1.1: Global energy consumption by source.

Hydrogen has been proposed as a strong candidate in achieving these objec­
tives as it is a transportable and storable energy carrier. When produced from
electrolysis powered by renewable sources, e.g. the sun or wind, hydrogen is an
ideal candidate. As a fuel, it can be used in polymer­electrolyte­membrane fuel cells
(PEMFCs) where it can generate electricity by recombining hydrogen with oxygen
having water as the only by­product, thus being an attractive device in the search
for carbon­neutral energy production. Since they were first used in the 1970s to
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Figure 1.2: Population growth from the 1700s up to the present days and prediction until 2100 [2].

power a space mission, PEM fuel cells lost traction due to their high cost and short
lifetime. However, this clean energy technology has recently regained interest in
academia, government and industry [4].As an example of fuel cell commercializa­
tion, we have seen successful introduction of fuel cell vehicles in the market in
the last few years[4]. Since the world’s first fuel cell vehicle was introduced into
the commercial market in 2002 by Toyota [5], FC vehicles and FC hybrid vehicles
production and use has steadily increased. In fact, the market size is projected to
increase globally by ~66% (Compound Annual Growth Rate) by 2026 in comparison
to 2019 with Honda, Toyota, Hyundai, Daimler, Audi, BMW, Volvo, Ballard Power
Systems, General Motors and MAN as the major companies in the market [6].

PEM fuel cells find application in many fields such as portable power, stationary
electricity generation, transportation or large electrical plants [7]. The most com­
mon application of PEMFCs is in vehicle engines where they are usually paired with
other forms of energy storage units in what is known as hybrid electric vehicles
(HEVs). However, in marine and air transportation they have been recently attract­
ing more attention. The use of PEMFCs in surface ships is currently in demonstra­
tion whilst products for underwater vehicles are already in production [8]. In avia­
tion, they are considered energy systems for Unmanned Aviation Vehicles (UAVs, or
drones). On the other hand, PEMFCs have become strong competitors against bat­
teries in stationary power generation where uninterrupted power supply is required
[8] as well as they gained more attention in residential buildings when combined
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with heat and power supplies [8].
Despite their many environmental and efficiency advantages, PEM fuel cells still

face many challenges before they reach broader commercial use, among which
their still high cost is probably the most important factor. Figure 1.3 shows the
distribution of cost by component in a PEMFC stack (taken from [9]). Approximately
40­50% of a fuel cell stack cost is due to the materials used as catalysts, i.e. Pt
group metals (PGMs) [4, 9].

Figure 1.3: Component cost breakdown at a production volume of 500,000 units/yr for a fuel cell stack.

The fast kinetics of platinum as catalyst towards ORR and HOR in acidic me­
dia makes it the golden standard catalyst for PEMFCs. However, its high cost and
susceptibility to CO poisoning have been a major impediment to the commercial
establishment of PEMFCs. This has led to a research focus on lowering the Pt load­
ing, specially at the cathode where about 80% of the catalyst is found due to the
more sluggish kinetics of the oxygen reduction reaction (ORR) [4, 10]. Another
approach taken was to develop PGM­free electrocatalysts to completely replace Pt
with cheap, Earth­abundant materials. In this quest, non­PGM electrocatalysts have
significantly improved towards ORR in the last decade. A lot of these electrocata­
lysts use Co, Fe, Ni, Mn, etc. in metal organic frameworks (MOFs) mostly, but other
structures have also been studied [11]. In general, transition metals oxides (TMOs)
have recently attracted a lot of attention because of their low cost and their variable
oxidation states (OS) which combined with high electrical conductivity gives them
interesting chemical and physical properties [10, 12–14]. Among these specific
characteristics we can find a broad range of crystal structures with their accompa­
nying metal oxidation state, electronic configuration and magnetic properties, all
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of which are fundamentally interesting to understand in order to rationally design
new, more efficient electrocatalysts.

In this thesis I will deal with this side of research where I aim to contribute
some fundamental insights on a non­PGM material, i.e. spinel LiMn2O4­based elec­
trocatalyst for PEMFC, and its working principle as a Hydrogen Oxidation (HOR)
and Oxygen Reduction (ORR) electrocatalyst. In addition to that, part of this thesis
will deal with fuel cells in a more ”macroscale” viewpoint. There is still a wide gap
when translating intrinsic activity of the catalytic materials into membrane­electrode
assemblies (MEAs) and a complete fuel cell. This has to do with the traditional meth­
ods employed to screen new materials, which are typically not representative of a
real­world fuel cell, e.g. liquid electrolyte vs. polymer electrolyte. To this end, inter­
facial effects in a PEMFC have been studied by means of mass and charge transport
where we show that losses in this small area of a cell are the most significant and
where most effort should go to apart from new materials as catalysts.

1.1. The PEM fuel cell
In a PEMFC hydrogen and oxygen are converted into water and electric work. The
hydrogen oxidation reaction (HOR) takes place at the anode surface and can be
written as:

𝐻2(𝑔)→ 2𝐻+ + 2𝑒− (1.1)

while at the cathode surface the oxygen reduction reaction (ORR) takes place:

𝑂2(𝑔) + 4𝐻+ + 4𝑒− → 2𝐻2𝑂(𝑙) (1.2)

The overall reaction of PEMFCs can simply be described as hydrogen reacting
with oxygen to generate water, electricity and heat:

2𝐻2 +𝑂2 → 2𝐻2𝑂 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 +𝐻𝑒𝑎𝑡 (1.3)

A schematic representation of a PEMFC is shown in figure 1.4. Here, the polymer
electrolyte membrane (PEM) has the functions of separating the anode and cath­
ode as well as providing proton conduction pathways from one side to the other.
The most common material used for this purpose is Nafion® (by DuPont), a proton
conducting polymer that consists of a tetrafluoroethylene (TFE) backbone and per­
fluoroalkyl ether (PFA) side chains terminated in sulfonic acid groups. These type of
polymers combine the hydrophobicity of the backbone with the high hydrophilicity
of the sulfonic acid functional group in one macromolecule. This results in a mi­
crophase separation of the hydrophobic and hydrophilic domains with the sulfonic
acid groups aggregating to form a network of hydrophilic domains that are hy­
drated upon absorption of water. As water is absorbed into Nafion, the hydrophilic
domains swell and restructure giving way to the dissociation of protons from their
counter ions .i.e. −𝑆𝑂−3 groups) and subsequently become solvated and mobilized
by hydration water. It is, therefore, within this domain that the transport of water
and protons occur [15, 16].
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Figure 1.4: Schematic representation of a PEMFC.

In general, during operation hydrogen gas and air are fed into the anode and
cathode gas flow channels (GFCs). Hydrogen and oxygen diffuse to the respec­
tive catalyst layer via the gas diffusion layers (GDLs). The theoretical maximum
efficiency is defined by the ratio between the Gibbs free energy change (Δ𝐺) and
enthalpy change (Δ𝐻).

𝜂𝐹𝐶,𝑚𝑎𝑥 =
Δ𝐺
Δ𝐻 (1.4)

Under standard conditions, Δ𝐺 = −237.145𝑘𝐽/𝑚𝑜𝑙 and Δ𝐻 = −285.83𝑘𝐽/𝑚𝑜𝑙,
making the theoretical maximum efficiency of a fuel cell about 83%. On the other
hand, a heat engine is limited by the carnot cycle

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇𝐿
𝑇𝐻

(1.5)

where T𝐿 and T𝐻 denote the low and high temperature of the two reservoirs,
respectively. In conventional automobiles, Otto and diesel engines have efficien­
cies lower than the Carnot cycle and depend on the engine configuration [11]. In
practice, Otto or diesel engines reach an efficiency of ~30­35%.

Since PEMFCs are electrochemical devices, they directly produce electrical power
and voltage. The created potential of the electrochemical cell depends on the con­
centrations or partial pressures of the participating species and can be described
by the Nernst equation:
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𝐸 = 𝐸0 + 𝑅𝑇
2𝐹 𝑙𝑛(𝑎𝐻2𝑎

1/2
𝑂2

𝑎𝐻2𝑂
) (1.6)

where 𝐸0 = −Δ𝐺0
𝑧𝐹 with z the number of electrons transferred and F is Faraday’s

constant. R is the universal gas constant; and a𝑖 reflects the activity of species i,
and is equal to 𝑝𝑖/𝑝0 for gases, 𝐶𝑖/𝐶0 for solutions, and equals unity for pure sub­
stances such as water. However, during operation a voltage drop occurs due to an
overpotential to ensure the output current. This overpotential is a result of elec­
trode activation (Δ𝑉𝑎𝑐), electrolyte resistance (Δ𝑉Ω) and mass transport limitations
(Δ𝑉𝑡𝑟𝑎𝑛𝑠). Thus, the real output voltage of a PEMFC can be written as:

𝑉𝐹𝐶 = 𝐸 −
𝑅𝑇
2𝛼𝐹 𝑙𝑜𝑔𝑖∗ − Δ𝑉𝑎𝑐𝑡 − Δ𝑉Ω − Δ𝑉𝑡𝑟𝑎𝑛𝑠 (1.7)

where 𝑖∗ is the cross­over current and 𝛼 is the transfer coefficient. Thus, the
operating efficiency of a PEMFC can be written as:

𝜂𝐹𝐶 =
𝑉𝐹𝐶
𝐸 (1.8)

For vehicles, PEMFC efficiency is targeted at ~60% or higher, thus the operating
voltage should be around 0.6­0.8 V.

1.2. Alternative materials
In the search for alternative materials, transition metal oxides (TMOs) have gained
a lot of attention recently in the field of PEM electrolisers (PEMEC) and PEMFC elec­
trocatalysis [12, 17–21]. The use of metal oxides (MOs) as electrodes for energy
converision is very old, going back to the 1850s where mainly lead and manganese
dioxides were studied in the early days [22]. Electrochemical applications distin­
guish two approaches: a) the use of MOs as charge storage materials, i.e. in pri­
mary or secondary batteries, or b) MOs used as electrocatalysts either converting
chemical energy into electricity or vice versa. Development of the latter application
has lagged behind its energy storage counterpart and research on these materials
as electrocatalyst has only gained more attention in the last few decades [22]. In
the 1990s, electronic properties of metals started to be related to their chemical
reactivity. Since then, d­band theory has been used to describe bond formation on
TMO surfaces which have different filling of the d­band [23].

One of the main areas of research of TMOs is in the field of water splitting.
The splitting of water using only sunlight is considered the holy grail of chemistry.
In nature, there is such a system known as the water oxidizing centre (WOC) of
Photosystem II, where a Mn4CaO𝑥 cluster is responsible for water oxidation. It
is also well known that this system is preserverd in all oxygenic photosynthetic
organisms [17]. Thus, the unique role of manganese in this system has sparked
a lot of curiosity in the search for new catalytic materials inspired by Nature’s own
creations. As a result, a lot of attempts to mimic the WOC’s functionality have been
done [17, 18, 24, 25].
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It is not surprising then, that TMOs have been of interest for a long time as
heterogeneous water oxidation catalysts, among which RuO2 and IrO2 are known
to be highly active although quite expensive. On the other hand, among non­PGM
active metal oxides, several metals in different crystal structures have been studied,
e.g. spinel­types based on Co, Ni or Mn, perovskites with different metal centres,
e.g. Co, Ni and La and MOFs [12, 13, 18, 19, 26, 26–31]. The unique property that
makes TMOs so versatile in catalysis is the presence of variable oxidation states
[13].

Conversely, in fuel cell applications research of these promising type of materials
is rather limited. Electrocatalysts based on Mn such as MnO2, Mn3O4 spinel types,
Ni or Co based, e.g. NiCo2O4, and La­based oxides have all been studied for fuel cell
applications [19], however, most research focuses on alkaline conditions or neutral
conditions, whereas attention for acidic electrolytes is lacking in the literature.

In alkaline environments, however, TMOs with spinel crystal structure have been
shown as proficient electrocatalysts for fuel cells [13]. Among spinel­types, man­
ganese oxides, cobalt oxides, cupper oxides and iron oxides can be found in the
literature for ORR in alkaline solutions [12, 13, 32].

Manganese oxides are especially attractive as they reunite several desired char­
acteristics for catalysis: they are abundant, have low toxicity, and a multivalent na­
ture that gives them a lot of structural diveristy (see figure 1.5)[31]. For instance,
manganese oxides in different crystal structures have been extensively studied as
catalysts in many different applications, e.g. in the conversion of CO, NO𝑥, SO𝑥 and
other volatile organic compounds, decomposition of ozone and hydrogen perox­
ides, organic reduction and oxidation, removal of bacterial pathogens, epoxidation
of olefins, photo­/electrochromics and oxygen evolution and reduction reactions
(OER and ORR) [12, 14, 20, 32–35]. More specifically, in terms of ORR activity
MnO, MnO2, Mn3O4, MnOOH, Mn2O3 and Mn5O8 have all been shown to be highly
active in alkaline conditions [29, 31, 32, 35, 36]. Furthermore, research on alkaline
media often suggests that active materials allow reversible proton insertion and var­
ious manganese oxides have been studied in that respect, e.g.Mn2O3, Mn3O4, and
MnO2 [14, 34, 35]. Particularly manganese oxides in cubic crystal structures such
as spinel manganese oxides have been shown as promising alternatives for ORR
in alkaline conditions [10, 12–14, 32, 37, 38]. This cubic spinel class of materials
with formula AMn2O4 have been shown to be more catalytically active than their
tetragonal counterparts as they have better affinity towards oxygen adsorption as
well as higher density of active sites [10, 37].

In addition, spinel­types based on Mn have been identified as highly active to­
wards ORR [32] in comparison with other structures or phases such as 𝛼­MnO2,
𝛽­MnO2, 𝛾­MnO2, 𝜆­MnO2, perovskites, layered, tunneled,etc [29]. For example, it
has been shown that spinel LiMn2O4 becomes active only when removing Li from
its structure [27]. However, despite their historic potential as catalysts to ORR and
OER in alkaline and neutral conditions in e.g. metal­air batteries [40–44], alkaline
fuel cells [31, 41, 44], microbial fuel cells [40, 44] and electrolysers [31, 45, 46],
research on manganese oxides as catalysts in PEMFCs has been rather limited.

It could be presumed that the lack of documentation about MnOs in acidic media
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Figure 1.5: Examples of some manganese oxide polymorphs.

is due to manganese’s thermodynamic instability at low pH values as predicted by
Pourbaix [47]. However, in the last few years the stabilization of TMOs against
corrosion in acidic conditions for PEM electrolysers has become more prominent,
with a few suggestions already found in the literature for manganese oxides, e.g.
addition of titanium oxide or doping with fluorine [19, 46, 48]. Additionally, it has
been suggested that these materials can be activated to function as catalysts in
acidic environments by exploiting a self­healing process that consists of oxidative
electrodeposition of dissolved Mn ions [49]. These findings, though in early stages,
open up the possibility of engineering Earth abundant TMOs in order to use them
as catalysts in acidic environments.

In this thesis, a spinel­type LiMn2O4 will be studied as a novel electrocatalyst
for HOR and ORR in PEMFC applications.
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1.2.1. Spinel LiMn2O4
Spinels are a class of minerals with general formula AB2X4 where X is an anion
(typically oxygen or sulfur). This system crystallises in a cubic system that is ar­
ranged in a cubic close­packed lattice with cations A and B occupying some of the
tetrahedral and octahedral sites in the lattice. The majority of spinel compounds
belong to space group Fd3m (No. 227 in international tables). There are 8 formula
units per cubic cell, where there are 32 anions and 24 cations. Table 1.1 lists the
various lattice sites denoted using Wyckoff notation [50].

Table 1.1: Wyckoff positions of group Fd­3m (No. 227).

Multiplicity Wyckoff letter Site symmetry
8 a ­43m
8 b ­43m
16 c .­3m
16 d .­3m
32 e .3m
48 f 2.m m
96 g ..m
96 h ..2
192 i 1

In spinel LiMn2O4 (LMO) Li cations are found in the 8a tetrahedral sites and Mn
atoms in 16d octahedral sites, both coordinated with oxygen anions (32e sites). In
figure 1.6 a schematic representation of spinel LMO is shown. Furthermore, there
are 96 interstices between the anions in the cubic unit cell.

In this thesis, a series of advanced spectroscopic techniques such as X­ray ab­
sorption spectroscopy (XAS), neutron diffraction (ND) and solid­state nuclear mag­
netic resonance (ss­NMR), have been used to probe the crystal structure of the
materials studied and the changes induced on them in order to activate them as
electrocatalysts for the oxygen reduction (ORR) and Hydrogen Oxidation (HOR)
reactions.

1.3. Electrocatalysis
A catalytic process that involves electron transfer as oxidation and reduction reac­
tions at the interface between an electrolyte and an electrode is a sub­field known
as electrocatalysis. Electrocatalysts are materials that lower the overpotential of
these reactions and can accomplish this through different reaction pathways that
are ruled by thermodynamic potentials [51–53]. A good electrocatalyst can mini­
mize the overpotential required for driving a specific electrochemical reaction. This
depends on electrode material, reactants, products and intermediates at the in­
terphase electrode­electrolyte. The aim is to improve the reaction rate, i.e. the
generated electrical current. This can be achieved by lowering the activation en­
ergy of the target reaction by the formation of intermediate bonds between the
compound and the electrode. Metrics to compare electrocatalysts include the pro­
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Figure 1.6: Spinel LMO from two different points of view. Mn: octahedral centres. Li: tetrahedral
centres. O: corners (in red).

duced electrical current at a given applied potential.
The most commonly used techniques are steady­state polarization, cyclic voltam­

metry, rotating disk electrode (RDE) and rotating ring­disk electrode (RRDE). In a
three­electrode cell or half cell, identification of phenomena occurring at a single
interface is possible. The set­up consists of a working electrode (where the inter­
face being studied is), a counter electrode and a reference electrode. Voltammetry
is the most common experiment in dynamic electrochemistry. Here, the potential
at the working electrode interface is varied in time and the current response is
recorded. Different voltammetry techniques are common such as cyclic voltamme­
try (CV), linear sweep voltammetry (LSV) and hydrodynamic sweep voltammetry
(HSV) [54].

In CV scans are performed varying the potential back and forth and recording the
current response. This is typically the first experiment performed by electrochemists
when evaluating a new system. On the other hand, LSVs are typically performed
in only one direction, either oxidation or reaction and it is done where a surface
needs to be assessed without its regeneration in the backward scan. CVs and LSVs
yield important information about electrocatalytic properties of materials such as
the onset potential, half­wave potential, diffusion coefficient of reactants, oxidation,
dissolution of the material, as well as determination of the electrochemically active
surface area (ECSA) [13, 54, 55]

However, these techniques are limited by mass transport of the reactants to­
wards the surface of the electrode. In this case, controlling mass transport condi­
tions can be useful in understanding reaction mechanisms. Hydrodynamic voltam­
metry makes use of the RDE technique, where a disk electrode is embedded in a
non­conductive cylinder. This cylinder can then be rotated at varying rates. The
rotation rate is directly related to the thickness of the product layer formed at the
electrode surface and that blocks diffusion of fresh reactant. The disk rotation
results in a centrifugal force that pushes electrolyte away from the centre of the
electrode in the radial direction and a liquid movement from the bulk of the elec­
trolyte to the electrode surface, thus refreshing reactants at the surface. Rotation
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rate is related to the mass limited current by the Koutecky­Levich equation [56]:

1
𝑗 =

1
𝑗𝑙
+ 1
𝑗𝑘

(1.9)

where j is the measured current density, j𝑙 is the Levich current density and j𝑘
is the kinetic current density. The Levich current density is given by equation:

𝑗𝑙 = 0.62𝑛𝐹𝐷2/3𝜔1/2𝜈−1/6𝐶 (1.10)

where D is the diffusion coefficient of the reactant in the electrolyte, 𝜔 is the
rotation rate, 𝜈 is the electrolyte’s kinematic viscosity and C the reactant’s concen­
tration. This equation allows the determination of the kinetic current density at
a given overpotential and has been used to determine electrocatalytic parameters
[54].

In this work, several electrochemistry techniques have been used to study elec­
trocatalytic and electrochemical properties of the systems under investigation. Elec­
trochemical activity to ORR has been assessed by means of the RDE technique and
different materials have been compared using their onset potential.

1.4. Outlook of this thesis
In the next chapters, several aspects of PEM fuel cells will be discussed. From
a ”macro” point of view, i.e. transport properties in a cell, down to atomic and
mechanistic insights on the relevant reactions.

Chapter 2 will discuss the ambiguity found in the literature when discussing
transport properties. We emphasize that the intrinsic values of these properties
cannot be properly discussed unless interfacial effects are taken into account. We
propose an approach based on non­equilibrium thermodynamics in order to disen­
tangle interface from bulk contributions to these properties. We do a demonstra­
tion exercise with values for different properties taken from the literature, where
we show that the discrepancy found across different measuring techniques is due
to the interfaces formed during measurements.

Chapter 3 will dig further into interfacial effects on mass transport. Here,
water transport in a half MEA has been studied through water sorption experiments.
We demonstrate how the lag in water sorption of the membrane, i.e. non­Fickian
behaviour, is due to interfacial effects, where at smaller scales resistance to water
transport increases due to several factors, i.e. confinement effects, rearrangement
of the polymer at the surface, etc.

From here on, we will devote the remaining chapters of this thesis to the study
of a novel electrocatalyst based on a spinel lithium manganate for PEM fuel cell
applications.

Chapter 4 will describe the proposed electrocatalysts. We propose that proton
insertion in a spinel LiMn2O4 can make it active towards ORR and HOR. In this
chapter we describe the synthesis methods and proton insertion. We study the
crystal structure, confirm protonation and its mechanism using neutron diffraction
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and solid­state NMR techniques. We finalize by studying the elctrocatalytic activ­
ity of these materials towards ORR and hypothesize on the possible reasons for
increased reactivity based on the results obtained from all the different techniques.

Chapter 5 will continue on the study of protonated LMOs as electrocatalysts.
Here, the materials are tested in an actual fuel cell and operando x­ray absorption
measurements are used to elucidate the role of Mn in catalysis as well as the indirect
role of protons or other species. We discuss changes in Mn oxidation state during
operation as a HOR or ORR electrocatalyst. The combination of structural and
chemical parameters allows drawing hypotheses on the particular combination of
parameters in order to optimise these materials so that they are active towards one
or the other reaction.

The results shown in this thesis open new pathways in the discussion of fuel cells
in the community based on the effect of interfaces that cannot be neglected. At
the same time it offers interesting insights on the physical and chemical properties
of electrocatalytic materials while suggesting a novel bi­functional electrocatalyst
in the field based on a cheap and abundant material, in contrast with the current
choice of platinum­group metals.
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2
A systematic non­equilibrium
approach to transport in PEM

fuel cells
What happens but once may have not happened at all.

Milan Kundera, The Unbereable Lightness of Being

We hypothesize that the properties of proton­exchange membranes for fuel
cell applications cannot be described unambiguously unless interface effects
are taken into account. In order to prove this, we first develop a thermo­
dynamically consistent description of the transport properties in the mem­
branes, both for a homogeneous membrane and for a homogeneous mem­
brane with two surface layers in contact with the electrodes or holder ma­
terial. For each subsystem, homogeneous membrane, and the two surface
layers, we limit ourselves to four parameters as the system as a whole is
considered to be isothermal. We subsequently analyse the experimental re­
sults on some standard membranes that have appeared in the literature and
analyse these using the two different descriptions. This analysis yields rel­
atively well­defined values for the homogeneous membrane parameters and
estimates for those of the surface layers and hence supports our hypothesis.
As demonstrated, the method used here allows for a critical evaluation of
the literature values. Moreover, it allows optimization of stacked transport
systems such as proton­exchange membrane fuel cell units where interfa­
cial layers, such as that between the catalyst and membrane, are taken into
account systematically.

Parts of this chapter have been published in Materials 10, 6 (2017) [1].
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2.1. Introduction

P roton­conducting, polymer electrolyte membranes (PEM), play an important role
in fuel cell applications as they serve not only the function of separation between

the anode and cathode sides, but also act as a solid electrolyte allowing the trans­
port of charge. The most common material used for these applications is Nafion™
(DuPont, Wilmington, DE, USA), which consists of a tetrafluoroethylene (TFE) back­
bone and perfluoroalkyl ether (PFA) side chains terminated in sulfonic acid groups
[2, 3]. The combination of the hydrophobicity of the backbone with the hydrophilic­
ity of the sulfonic acid functional group in one macromolecule confers Nafion™ the
properties necessary for this application.

Given the evident importance of PEM membranes, a plethora of studies on their
different properties has been done over the last few decades. However, it proves
difficult to reach a consensus on their meaning as research aimed at understand­
ing the underlying phenomena describing the behaviour of membrane properties is
performed in many different ways and under different conditions which often do not
match the reality of a membrane in an operating fuel cell. Within this framework,
and from the very intrinsic interest in membrane performance, it would be advan­
tageous to have a systematic approach for assessment that facilitates description
and posterior optimization of the technology.

A powerful tool to study systems that are not in global equilibrium, such as
electrochemical systems, is non­equilibrium thermodynamics (NET). This approach
consists of a reformulation of the second law of thermodynamics in terms of en­
tropy production [4]. In this formulation, originally proposed by Onsager [11], the
entropy production is given by the product sum of conjugate fluxes, 𝐽𝑖, and forces,
𝑋𝑖, in the system. In his theory, each flux is defined as a linear combination of all
forces related by a coefficient Lij. Onsager later proved that the relations between
these coefficients were reciprocal: 𝐿𝑖𝑗 = 𝐿𝑗𝑖. These coefficients are also known as
Onsager’s coefficients. (See next section).

This theory provides a more accurate description of transport in systems where
pressure, concentration, and temperature gradients exist as it also includes the
coupling between these processes. Furthermore, it quantifies the entropy, or lost
work, that is produced during transport [5]. The need to design systems that
waste less work, such as fuel cells, makes this approach even more appropriate.
However, despite the advantages that irreversible thermodynamics can offer, its
use has been quite limited [3–6]. Kreuer et al. [3] did impressive work at using
this approach to describe membranes for fuel cell applications; they provided an
extensive survey on methods from simulation to experimentation and transport
mechanisms as understood to the date. However, the formalism they propose is
not entirely consistent as the number of independent driving forces has to equal
the number of independent fluxes, which is not the case in their approach [3].

Here we present a transport coefficient matrix method (TCM) that allows a sys­
tematic approach to the problem and a literature survey of the properties considered
meaningful for PEM fuel cell systems. We do so for a Nafion™ 117 type of mem­
brane and our purpose is to demonstrate that the “contact resistance” information
can be extracted from bulk values for different membrane properties and that this
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information is already available in experiments performed by others although not
always accounted for. Solutions to eliminating contact resistances have been pre­
sented in earlier works for proton conductivity in bare membranes [29] and for
the effect of mass transport at the interfaces on diffusivity and permeability [7, 8].
However, in practice, contact resistances are always present and the values for bare
membranes become less meaningful; it is in this scenario that interfacial effects be­
come critical and need to be understood if our goal is to systematically quantify
energy losses in a fuel cell as a means to achieve more efficient, cheaper devices.
Moreover, the method offers the possibility to extend the study to stacked systems,
thus also allowing the assessment of fuel cell stacks and the disentanglement of
interfacial effects. Some authors have attempted to study the electrical and mass
interfaces [2, 15, 18, 19, 28, 39], but, as with membranes, there is no consensus
on the whole picture and these phenomena are not yet fully understood.

2.2. Transport Coefficient Matrix Method (TCM)
Here, we shall model the membrane as a slab of ionomer, component 0, of thick­
ness d and cross sectional area A. Thereby, we shall strictly follow the rules of
non­equilibrium thermodynamics as laid down in the monograph of de Groot and
Mazur [9] or Kondepudi and Prigogine [10] albeit that we use molar quantities
here. The membrane contains water, component 1, and hydrogen, component 2,
that pass through the membrane. Due to the water, the ionomer dissociates and
protons become available for transport of charge, component 3. This charge trans­
port occurs by means of electrodes at the extremities of the membrane. We fix our
frame of reference to the ionomer material of the membrane so that fluxes of wa­
ter, hydrogen, and charge are transported through the membrane in the direction
perpendicular to the surface area. As the ionomer itself is stationary in the frame
of reference, the number of components in the system is three: the two neutral
species, water and hydrogen, and the charge. Temperature is assumed to be con­
stant so that we will be able to map closely onto the work of Kreuer et al. [3]. As
soon as transport takes place through the membrane, dissipation occurs which is
quantified by means of the entropy production defined by

�̇� = 1
𝑇 ∫𝑉 JX𝑑𝑉 (2.1)

where T is the temperature, JX the flux­force conjugate, and V is the control
volume. The fluxes are organized in a row vector as

J = (𝐽𝑤 , 𝐽ℎ , 𝑗) (2.2)

with the water flux as the first component, the hydrogen flux as the second
component, and the current density as the third component. Likewise, the thermo­
dynamic driving forces are defined by the column vector

𝑋 =
⎛
⎜
⎝

−𝜕𝑥𝜇𝑤,𝑇
−𝜕𝑥𝜇ℎ,𝑇
−𝜕𝑥𝜙

⎞
⎟
⎠

(2.3)
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with the chemical potential gradient of water and hydrogen, both at constant
temperature, as the first and second component and the electric field as the third
component. The fluxes and the driving forces are coupled and, considering the
magnitudes of the driving forces, these may be considered as linear so that a rela­
tion exists as

J𝑇 = LX (2.4)

where L is the matrix of transport coefficients. Onsager symmetry [11] applies,
so that of the nine elements of the matrix, there are only six that are independent.
Note that the transformation of the driving forces produces a column vector that
is mapped to the fluxes by matrix transposition. The experimentally accessible
transport quantities are the volume flux 𝐽𝑉, of liquid water, and of hydrogen 𝐽𝐻. The
latter is defined with respect to the aqueous volume rather than to the ionomer.
The transformation B, expressed as J’ = JB, changes the original flux vector in the
new flux vector J’ = (𝐽𝑉, 𝐽𝐻, 𝑗) and has components

𝐵 =
⎛
⎜
⎝

𝑉𝑤 𝑉ℎ 0
−𝑐ℎ𝑉ℎ/𝑐𝑤 𝑉ℎ 0

0 0 1

⎞
⎟
⎠

(2.5)

where 𝑉𝑤 and 𝑉ℎ are the water and hydrogen volume, respectively; and 𝑐𝑤 and
−𝑐ℎ are the concentrations of water and hydrogen. The new thermodynamic vari­
ables are, apart from the remaining electric field, the experimentally accessible total
pressure gradient and the partial pressure of hydrogen at constant total pressure.
The old driving forces can be transferred into the new driving forces using the same
transformation, i.e., X = BX′ where

𝑋′ =
⎛
⎜
⎝

−𝜕𝑥𝑝
−𝜕𝑥𝑝𝐻
−𝜕𝑥𝜙

⎞
⎟
⎠

(2.6)

The transformation to new fluxes and forces leaves the entropy production un­
changed because JX = J′B−1BX′ = J′X′. The new transport coefficient matrix can
be obtained from the old one through L′ = B𝑇LB, and is symmetric because of
Onsager symmetry and hence has six elements. It is written as

⎛
⎜
⎝

𝐽𝑉
𝐽𝐻
𝑗

⎞
⎟
⎠
=
⎛
⎜
⎝

𝑃𝑉 0 𝜎𝐾
0 𝑃𝐻 0
𝜎𝐾 0 𝜎

⎞
⎟
⎠

⎛
⎜
⎝

−𝜕𝑥𝑝
−𝜕𝑥𝑝𝑥
−𝜕𝑥𝜙

⎞
⎟
⎠

(2.7)

where 𝑃𝑉 and 𝑃𝐻 are the water and hydrogen permeabilities through the mem­
brane, respectively; 𝜎 is the proton conductivity; and, K is the electro­osmotic drag.
The three main coefficients are on the diagonal of the matrix. The first to consider is
the permeability defined as the coefficient relating volumetric flow to total pressure
gradient, i.e.,

𝑃𝑉 = −
𝐽𝑉
𝜕𝑥𝑝
∣
𝜕𝑥𝑝ℎ=0,𝜕𝑥𝜙=0

(2.8)
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Likewise, there is the hydrogen permeability defined by

𝑃𝐻 = −
𝐽𝐻

𝜕𝑥𝑝𝐻
∣
𝜕𝑥𝑝=0,𝜕𝑥𝜙=0

(2.9)

Note that this involves a hydrogen gradient in the absence of a total pressure
gradient. The third main coefficient is the electric conductivity, canonically defined
as

𝜎 = − 𝑗
𝜕𝑥𝜙
∣
𝜕𝑥𝑝=0,𝜕𝑥𝑝𝐻=0

(2.10)

The off­diagonal coefficients are known as cross­coefficients in the field of non­
equilibrium thermodynamics. Of the three that can be defined, only one is known;
the electro­osmotic drag defined as

𝐾 = − 𝐽𝑉𝑗 ∣𝜕𝑥𝑝=0,𝜕𝑥𝑝𝐻=0
(2.11)

The other two coefficients are assumed to be small [4, 12] and therefore we
have taken them to be zero in equation 2.7.

The transport coefficients defined above depend on the temperature and on the
water content, apart from more material dependencies such as the porosity of the
ionomer. One generally assumes these to be uniform across the membrane volume
of the ionomer whereas it is generally known not to be the case [3]. Actually, one
only determines averaged values by considering the volumetric flow and electrical
current for a whole membrane as a function of the pressure and electric potential
drops across the membrane. The values thus obtained are then corrected by the
geometrically estimated cross sectional area and thickness.

There is, in general, not enough information available about membrane inho­
mogeneities to warrant a proper model. The most important inhomogeneities are
the surfaces that are in contact with the electrodes or at least with a material
to hold the ionomer in place. A well­known phenomenon that falls in this cate­
gory is the “contact resistance” between a metallic electrode and a bulk material.
Following Bedeaux and Kjelstrup [4, 9] a relatively successful, thermodynamically
consistent, approach to describe interfacial inhomogeneities consists of considering
the membrane to be composed of a uniform central “bulk” material between two
thin interfacial layers. The fluxes are considered to be continuous through these
layers and hence the “resistance” of the individual layers is additive, i.e.,

L−1𝑡𝑜𝑡 =
𝛿𝑟𝑖𝑔ℎ𝑡L−1𝑟𝑖𝑔ℎ𝑡 + 𝑑L−1𝑚𝑒𝑚 + 𝛿𝑙𝑒𝑓𝑡L−1𝑙𝑒𝑓𝑡

𝛿𝑟𝑖𝑔ℎ𝑡 + 𝑑 + 𝛿𝑙𝑒𝑓𝑡
(2.12)

where L−1 is the inverse of the transport coefficient matrix and represents the
resistivity of the membrane. The thicknesses of the interfacial layers, 𝛿𝑙𝑒𝑓𝑡/𝑟𝑖𝑔ℎ𝑡,
are generally not known and remain integrated within the coefficient matrix of the
layers.

In the following we shall analyse the literature information on a standard ionomer
membrane both on the bulk and on the interfacial coefficient values.
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2.3. Membrane properties: a literature survey
Proton conductivity, water permeability and diffusivity, hydrogen permeability, and
electro­osmotic drag of Nafion™membranes for fuel cell applications are presented
in this section. State of the art measurements and proceedings are summarized
and discussed in order to give a global idea of where the technology stands and the
shortcomings of the current methods. Here we attempt to show that the interfaces
play a bigger role than attributed to them by disentangling their effects from existing
results and why it is important to consider them in fuel cell engineering.

2.3.1. Proton conductivity
In PEM analysis, membrane properties are usually discussed in terms of water con­
tent, 𝜆, a quantity expressed as the molar ratio of water molecules to sulfonate
groups (–𝑆𝑂3−). When referring to proton conductivity it should be noted that
charge transport happens through a hydrated membrane, that is, through the wa­
ter held by a polymer matrix. Hence, the mechanism is not the same as in bulk
water because of the additional forces exerted by the polymer matrix and sulfonate
groups [3, 7, 13, 14]. Nevertheless, to understand proton transfer in acidic hydrated
membranes, such as Nafion™in PEM fuel cells, it is important to firstly understand
the transfer mechanisms in bulk water. In general, there are two mechanisms that
describe this phenomenon, namely structure diffusion and vehicle diffusion. Their
relative prevalence in bulk water significantly differs from that in membranes albeit
that it also depends on the water content.

The structure diffusion of protons, also known as the Grotthuss mechanism,
refers to the transfer of protons by tunneling from one water molecule to the next
via hydrogen bonding, which is not an actual movement of the ion through the sol­
vent but a rearrangement of atoms; this mechanism is often referred to as “proton
hopping” [3, 15, 16]. On the other hand, it should be noted that water has a high
self­diffusion coefficient which has a contribution on the total proton conductivity
as protonated water molecules, in the form of 𝐻3𝑂+ or 𝐻9𝑂+4 ; this phenomenon is
known as vehicle diffusion and it has a contribution of approximately 22% to the
total conductivity assuming that the diffusion coefficients of 𝐻2𝑂 and 𝐻3𝑂+ are the
same at Standard Temperature and Pressure (STP) conditions [3, 17].

In a hydrated acidic polymer, the ionomer material most used for PEM fuel
cells, two types of domain can be recognized: hydrophobic domains constituting
the polymer backbone that grant the membrane its morphological stability; and
hydrophilic domains that allow the proton conduction and consist of protonated
sulfonate groups (–𝑆𝑂3𝐻). This domain is described as well­connected through
nanochannels even at a low water content. Hence, percolation in these membranes
is very good because there are almost no dead­end pockets [3, 27, 30]. Moreover,
a transition region has been identified between the hydrophobic and hydrophilic do­
mains which is considered to be the consequence of the side­chain architecture of
Nafion™. This region is believed to confer Nafion™with its swelling characteristic as
it has been suggested that there is a progressive side­chain unfolding with increas­
ing water content. Water content can be seen as the hydration of the –𝑆𝑂−

3 groups
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and can be related to widening of the nanochannels and increasing conductivity as
the membrane becomes more hydrated. At medium to high values of hydration,
~10 <𝜆 < 22, the excess protons are located in the centre of the nanochannels
where the water is bulk­like and, thus, the proton transfer is similar to the phe­
nomena described above for aqueous solutions with structure diffusion prevalently
occurring. However, as the degree of hydration decreases, the concentration of pro­
tons increases, which generates more proton­donor than acceptor sites; this fact
creates a bias of the hydrogen bonds in the electrostatic field which in turn sup­
presses structure diffusion. Hence, at low water content the transport of protons
is mostly due to vehicular diffusion [3]. The characterization of proton conductivity
can be done by either creating a faradaic current, i.e., where there is mass transfer,
or by inducing a non­faradaic current, i.e., no mass transfer; in the former case, a
redox couple is used to generate electrons as in the case of running electrochemical
cells, and in the latter, charge is induced at the electrode interface by an external
electric field as it is done in techniques such as NMR or Electrochemical Impedance
Spectroscopy (EIS). Commonly, proton conductivity is assessed by EIS, a technique
that determines the resistance of a membrane by applying an oscillating electric po­
tential and varying its frequency [15, 18–27]. However, properties determined by
EIS are averaged quantities and its interpretation usually involves assuming isotropy
of the material. The conductance of a membrane can be quantified by performing
experiments in different configurations, namely in­plane [15, 18–20, 22–27] and
through­plane measurements [21]. In­plane measurements quantify the conduc­
tance in the length of the membrane, while through­plane measurements do so
across its thickness. Studies have shown that in­plane measurements are preferred
over through­plane measurements as it will be discussed later.

Reported conductivity data in the literature is often difficult to assess as results
vary from laboratory to laboratory depending on experimental conditions. Stud­
ies have shown that conductivity measurements are influenced by the technique
employed and the geometry of the conductivity cell [15, 18, 19, 27]. In the first,
conductivity values might be extracted by extrapolating the imaginary part of the
measured impedance in the low frequency region [15, 18, 19, 21–24, 26, 27, 27] or
extracted from fitting values for the components of an equivalent circuit [15, 19]. In
the latter, different geometries of the conductivity cell include a 2­probe [15, 19, 21–
24, 27, 28] or 4­probe cell [15, 19] where the distance between the measuring
probes also plays a role. A summary of the possible configurations for EIS mea­
surements is shown in figure 2.1.

In the 2­probe configuration, the voltage measuring electrodes also carry the
current. Under an alternating electric field and particularly at low frequencies, a
certain amount of ions reaches the electrode before the reversal of polarity which
results in charge build up at the interfaces and, thus, lowers the electric field in the
bulk of the membrane; this phenomenon is often referred to as electrode blocking
[15, 19]. On the other hand, carrying out the impedance measurements using
four probes helps diminish the effect of charge build up near the current carrying
electrodes by using different electrodes sufficiently far away from the charge build­
up region to measure the voltage across the bulk membrane material [15, 19]. The
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Figure 2.1: Electrochemical Impedance Spectroscopy: measurement and analysis techniques.

voltage measuring electrodes are connected through a high impedance device so
that the current flowing through them is negligible [15, 19].

Conductivity measurements using the 4­probe method are appropriate for ionic
conducting materials with low resistivity as the interfacial effects are diminished,
whereas the 2­probe measurement is appropriate for high­resistance materials since
other impedances present in the circuit can be neglected [15]. Furthermore, and
regardless of the geometry of the cell, the subsequent analysis of the obtained
data must be manipulated in order to retrieve the conductivity values. This is done
either by extrapolating the obtained semicircle to its intercept with the real axis at
low frequencies and taking this value as the bulk resistivity of the membrane; or,
conversely, by fitting the obtained data to an equivalent circuit. In the latter, it
is possible to disentangle the effects of the interfaces from those of the bulk ma­
terial [15, 19]. An important aspect that is often overlooked in the assessment of
membranes is that the faradaic conductivity and the non­faradaic conductivity differ
when the ionic species do not play the same role. In the case of conductivity mea­
surements involving charge transfer at electrodes—in the faradaic setting—some
ions are current carrying and others are blocked. Hence, it is possible to have ex­
cellent values for non­faradaic conductivity (no mass transfer) and extremely bad
values in a faradaic setting (with mass transfer). For the present case of proton
conducting membranes with anions fixed to the membrane, this is not expected to
play a role as there is only one charge carrier which is also involved in the charge
transfer at the electrodes.

Despite the various different techniques with expected differing outcomes, it is
found in the literature that conductivity measurements are done in many instances
with disregard to the above mentioned potential errors. As a consequence, the
lack of a standard measurement method and data analysis technique leads to vary­
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ing results and imprecise estimations of the proton conductivity, which ultimately
hinders the development of effective PEMs. In Figure 2.2 an example of different
conductivity values for a bare Nafion™117 membrane found in the literature is pre­
sented. Even though the experiments were performed at different temperatures,
it is evident that the values follow different trends for various measurement cell
geometries. Zawodinski et al. [20, 27] measured the proton conductivity at 30
°C in a 2­probe, in­plane set­up and later Springer et al. [13, 26, 28] correlated
Zawondzinski’s values for the water content and temperature according to

𝜎[𝑚𝑆/𝑐𝑚] = (5.139𝜆 − 3.26)𝑒𝑥𝑝{1268( 1
303 −

1
𝑇)} (2.13)

The data and correlation from Zawodinski and Springer, respectively, have been
widely used ever since as a benchmark [15]. Lee et al. [15] performed a system­
atic investigation on the effect of using two or four probes to measure conductivity
in­plane at 60 °C. Their results showed a clear difference between the two methods
indicating the nature of the contact effects as shown separately in figure 2.2. How­
ever, their measured values are much lower than those of Zawodzinski even though
Lee et al. performed them at higher temperatures. This fact clearly shows the
discrepancy found in the experimental results and the difficulty of assessing them
properly. Reasons for this variability include the irreproducibility of the membranes,
where no two samples are equal, e.g., different thickness, different pre­treatment
method, in addition to the largely irreproducible effects of contacts or interfaces.
This indeed calls for the necessity of standard measurement methods.

Figure 2.2: Nafion™ 117 conductivity value comparison. Springer et al. at 80 °C, in­plane, 2­probe (∎)
[26]; Zawodzinski et al. at 30 °C, in­plane, 2­probe (o) [20]; Lee et al. at 60 °C, in­plane, 4­probe (▲)
[15]; Lee et al. at 60 °C, in­plane, 2­probe (▽) [15]; Alberti et al., through­plane, 2­probe (◆) [21].

Figure 2.3 presents the differences in proton conductivity results obtained by
the different geometries of the measuring cell. The data were fitted to an average
function in both cases and the mean­square and root­mean­square errors were
calculated; additionally, the percentage error was averaged over the whole range
(see section 2.4). A comparison of the 2­probe and 4­probe method yields an error
of 34.6%, while the effect of the plane in which the measurement is done shows
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an error of 32.8%. These errors are a representation of the variability between
measurements and support the hypothesis that the interfaces play a much more
important role than is usually attributed to them. These effects are particularly
notorious when comparing the results between the 2­probe and the 4­probe case,
where the effect of the interfaces are known to play a role. At higher water content,
where the Grotthus mechanism of transport is dominant, the proton conductivity
was lower for the 2­probe case due to other impedances present in the system
apart from that of the bulk membrane. All the same, when comparing the plane
in which the measurement was carried out, through­plane measurements yielded
lower values which can be related to the fact that the interfaces, or area over which
the current is being transported, is larger; hence, having a bigger contribution on
the overall resistance. This fact is supported by studies performed at Scribner As­
sociates Inc. labs where the contact resistance’s effect or “cell resistance” was
eliminated by extrapolating the resistance at high frequencies to zero membrane
thickness in a through­plane configuration. By doing this correction, they found that
the membrane conductivity was the same for in­ and through­plane measurements.
This also provides evidence for the intrinsic isotropy of the material although this
fact holds only for bare or untreated membranes as MEA (membrane electrode as­
sembly) preparation processes such as hot­pressing may induce structural changes
that affect charge transport in different directions [29].

(a) in­plane (●) vs. through­plane (o)[26] (b) 2­probe (●) vs. 4­probe(o) [21].

Figure 2.3: Effect of geometry.

2.3.2. Water permeability
Water transport in proton­conducting membranes is of the most importance as wa­
ter is mainly responsible for the transport of charges across the membrane. There­
fore, the permeability of the membrane to water molecules and their diffusivity
are properties that have been extensively studied [2, 7, 8, 20, 27, 30]. The water
permeation process through a membrane can be expressed in terms of three dif­
ferent steps, namely (i) sorption of water into the membrane at the sorption side,
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(ii) diffusion of water across the membrane, and (iii) desorption of water from the
membrane at the dry side [7, 8]. The sorption and desorption steps represent in­
terfacial resistances to mass transport and have been studied by several authors
[2, 7, 8]. From their permeation studies, they have reported that reasons for this
resistance to be significant include the membrane’s surface being hydrophobic to
water vapour and hydrophilic to liquid water. This has been proven by SAXS (Small
Angle X­ray Scattering) experiments that corroborated structural changes of the
membrane’s interface according to the medium it was in contact with [7]. Majsztrik
et al. reported that the rate limiting step in permeation experiments was water
desorption at the membrane/gas interface [8].

There are various methods to estimate water permeability and diffusivity (see
next subsection) through a membrane [7] and unfortunately literature results are
found to vary with the measuring technique. Zhao et al. and Majsztrik et al. have
reviewed them and shown that results for permeability and diffusivity vary up to
three orders of magnitude [7, 8]. Water permeability is typically measured with a
simple permeation experiment where two water­filled chambers are separated by
the membrane and a total pressure difference is applied. The change in volume
in the lower pressure chamber is measured with a capillary and related to the
permeability of the membrane [3, 31]. Alternatively, water diffusivity through the
membrane can be measured by NMR [2, 7, 8, 20, 30] and then related to the
permeability using the following argument. From Fick’s law, that relates mass flux
to the concentration gradient, one obtains an expression in terms of the water
diffusivity 𝐷𝑤 as

𝐽𝑤 = −𝐷𝑤
Δ𝑐𝑤
𝛿 = −𝐷𝑤𝑐𝑤

𝑅𝑇
Δ𝜇𝑣𝑤
𝛿 = − 𝐷𝑤

𝑝𝑤𝑉𝑤
Δ𝑝𝑤
𝛿 (2.14)

where 𝑝𝑤 is the water vapor pressure in equilibrium with the water in the mem­
brane. The water permeability defined in the previous section is then related to the
diffusivity as 𝑃𝑤 = 𝑃𝑉/𝑉𝑤 = 𝐷𝑤/(𝑝𝑤𝑉𝑤) assuming that the experiments are done in
the absence of hydrogen so that the volume flow only involves water. The water
permeability is usually given in 𝑚𝑜𝑙 𝑐𝑚−1𝑠−1𝑏𝑎𝑟−1 and the diffusivity in 𝑐𝑚2𝑠−1.

Data gathered for permeability and diffusivity of water through a Nafion™117
membrane are shown in figure 2.4. For comparison, the diffusivity values were con­
verted to permeability using the above argument. The data were fit to an average
function to assess the variability among experiments.

The data are spread over several orders of magnitude, indicating underlying
phenomena that were not accounted for. The highest values correspond to those
measured by NMR for the intra­diffusion coefficient; however, those obtained by
permeation experiments are much lower. The data from permeability measure­
ments and the calculated values from diffusivity seem to follow the same trend
which is expected from the above argument; nevertheless, at low water contents
the trend seems to be different.

Two regimes can be identified in the permeability of the membrane, with a faster
increase after a water content higher than 14. However, in the case of diffusivity
there seems to be an inflexion point at a lower water content (~4). Zhao et al.
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Figure 2.4: Water permeability. Ise, Kreuer at 27 °C (●)[31]; Rivin et al. at 32 °C (◻)[2]; Zhao et al. at
70 °C (◇)[7]; Majztrik et al. at 80 °C (×) [8]; Zawodinski et al. at 30 °C (◆)[27]; Zhao et al. at 70 °C
(G#) [7]; Edmondson et al. at room temperature (⧩)[30].

[7] performed diffusivity experiments at different temperatures and the results fol­
lowed the same trend. The change in regime in both cases suggests an interfacial
effect as the resistance to mass transport at the liquid­liquid interface becomes
lower with increasing amounts of water in the membrane; with more water the
nanochannels swell, thus creating more space for water to move across [7, 8]. An
activation volume has been reported by various authors, where after a certain level
of hydration of the membrane, its properties change at a different rate [30]; this
activation volume or percolation threshold has been reported to occur at low water
volume fractions (~0.005) [30]. At this point the membrane has enough water to
connect the nanochannels, thus increasing percolation.

2.3.3. Hydrogen permeability
One important issue present in proton­conducting membranes for PEM fuel cell ap­
plications is their permeability to hydrogen gas. It is important that the membrane
is permeable to water as this provides the means for charge transport; however,
this also means that hydrogen gas from the anode feed can move through the
membrane as it dissolves in water. In turn, this results in fuel losses and hence
efficiency losses. Due to this cross­over effect, the hydrogen mass transport prop­
erties have been given some attention in the past few decades [7, 8, 14, 32–37].
Typical methods for permeability and diffusivity measurements are shown in figure
2.5 (applicable for gases, e.g. oxygen and hydrogen, and water).

The preferred methods for hydrogen transport measurements are chromatog­
raphy and electrochemical monitoring. Attempts were made by Sakai et al. and
Wu et al. to use the Barrer­Dynes time­lag technique [14, 32] but the diffusion
time of hydrogen is too small to be measured by this technique. In order to make
the results comparable, the mass transport will be assessed in terms of the perme­
ability (𝑚𝑜𝑙𝑐𝑚−1𝑠−1𝑏𝑎𝑟−1). Permeability and diffusivity results are interchangeable
via the solubility of hydrogen in the membrane [32, 33]; the permeability has been



2.3. Membrane properties: a literature survey

2

31

Figure 2.5: Permeability and Diffusivity measuring techniques.

extracted from results reported as permeation flux (𝑚𝑜𝑙 𝑐𝑚−2𝑠−1) by means of the
hydrogen saturation pressure in water. Figure 2.6 shows different results from var­
ious measuring techniques for hydrogen permeability; for comparison, the points
corresponding to a wet and a dry membrane are also shown. In this case, the
variability was evaluated between experiments performed by an electrochemical
technique [35] vs. chromatography [32] as the sample of data is spread over a
larger range of water content values. The average relative error in this case was
estimated to be ~28%. The higher values are those reported by Broka et al. [38]
who used a volumetric method to measure hydrogen permeability, whereas elec­
trochemical methods presented lower, but varying, values. This difference could
be attributed to the presence of electrical interfaces in the electrochemical mea­
surements. In these cases, protons were allowed through the membrane and the
current generated was related to the amount of substance through Faraday’s law.
Due to the electrical resistances at the interfaces, it is natural to assume electrical
losses and thus, the measurements would yield lower values. This effect will be
discussed further in the next section.

2.3.4. Electro­osmotic drag
The motion of water is not only caused by the chemical potential difference, but
also by the motion of protons, which is in return proportional to the current flowing
through the membrane. This coupling effect is known as electro­osmotic drag and
it is defined as the number of water molecules dragged per charge carrier [3, 6,
13, 20, 27, 39–43]. Measuring this property is non­trivial and as a consequence
it has not been widely studied. However, there have been some attempts in the
literature which in turn might give some insights about the role the interfaces are
playing. A summary of the methods used to measure the electro­osmotic drag to
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Figure 2.6: Hydrogen permeability. Schalenbach at 80 °C (•)[35]; Broka et al. at 80 °C (∎)[38]; Sakai
et al. at 80 °C (2)[32]; Jiang et al. at 80 °C (extrapolated) (o)[34]; Dry membrane (▲)[35]; Wet
membrane (�)[35].

our knowledge is presented in figure 2.7.

Figure 2.7: Electro­osmotic drag measuring techniques.

Figure 2.8 shows a compilation of data results that were rendered reliable for
the analysis presented in this paper. The majority of the data have been gathered
by Kreuer et al. over the course of years [3, 31, 41, 44], gathering information
at various temperatures and different water contents using electrophoretic NMR
(ENMR), a set­up that was built in their group for this purpose.

A comparison between results obtained by different techniques at 30 °C and 80
°C gives errors of about 27.6% and 30.2%, respectively (calculated as indicated
in the Proton conductivity section). The information at low water contents is very
limited, but regardless of this fact, some information can be extracted if looking
at a common point among the three techniques. In figures 2.8 and 2.9, it can
be seen that at a water content of 22 𝑚𝑜𝑙 𝐻2𝑂/𝑚𝑜𝑙 –𝑆𝑂−3 the electro­osmotic drag
values found were considerably different for each technique. The highest value was
found by Onda et al. [43] where an electrochemical technique was employed for
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this purpose, whereas the values found by Kreuer et al. were measured by ENMR.
The nature of these differences could be due to the effect of electric interfaces
interfering with the measurement, however more evidence is necessary to support
this hypothesis.

Figure 2.8: Electro­osmotic drag data compilation. Ise, Kreuer at 27 °(∎)[31]; Kreuer et al. at 27 °C
(▽)[41]; Springer et al. at 80 °C (o)[26]; Onda et al. at 80 °C (x)[43]; Kreuer et al. at 80 °C (+)[3];
Zawodinski at 30 °C (⧩)[27].

(a) 30 °C Electrophoretic NMR (◻) [44]; Volumetric
method (▼) [27]; Electrolysis cell (o) [43]

(b) 80 °C ENMR (∎) [41]; Volumetric (▽) [26]; Elec­
trolysis cell (◻) [43].

Figure 2.9: K­drag.

2.4. Discussion
In general, the assessment of membranes is not standardized which creates a
chaotic amount of information that is difficult to assess and not entirely reliable
as shown in the previous section. The data must be treated with special care and
attention to the conditions and measuring techniques that were used, as these
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Table 2.1: Summary of interfacial contributions.

Transport Coefficient Bulk Interface Overall
Conductivity (mS/m) 45 0.88 × 10−3 12

Water permeability (mol/cm­s­bar) × 109 948 2.3 × 10−4 4.2
Hydrogen permeability (mol/cm­s­bar) × 1011 50 2 × 10−4 3.6

Electro­osmotic drag (molecule H2O/charge carrier) 2.75 4.6 × 10−4 4.05

reveal information about the suitability of property values for certain applications.
For instance, the proton conductivity measured with two probes in figure 2.3a re­
flects mainly the resistances at the interfaces, whereas the measurement with four
probes mainly reflects the bulk. For membrane science and development, the bulk
measurement would be of most interest while in fuel cell engineering through­plane
measurements would be more meaningful as a fuel cell operates in this configura­
tion.

To illustrate this point further, the TCM methodology explained in Section 2 may
be used to disentangle the effects of the bulk and interface for all properties. As
proton conductivity remains constant after 𝜆 ~5 when measured with two probes
(see figure 2.3a), one may argue that this value reflects the combined effects of the
bulk and interfaces as the resistances were not further decreasing with increasing
water content, whereas the tendency of conductivity to increase with the water
content in the 4­probe case suggests values closer to the bulk. From equation
2.14, and considering the electro­osmotic drag to be negligible, it follows that

𝛿𝑚
𝜎𝑚
=
2𝛿𝑖𝑓
𝜎𝑖𝑓
+ 𝛿𝑏
𝜎𝑏

(2.15)

where the suffixes 𝑚, 𝑖𝑓, and 𝑏 stand for the membrane, interface, and bulk,
respectively. Studies have shown that the extension of the interface in a Nafion™/Pt
catalyst layer system is of a few nanometers (~5 nm) [45]. Considering that a
standard Nafion™ 117 membrane has a dry thickness of 186 𝜇m, the total value of
the membrane conductivity can be computed. Equation 2.15 can be written for the
2­probe (2p) and 4­probe (4p) cases, as follows:

𝑑𝑚
𝜎2𝑝
=
2𝑑𝑖𝑓
𝜎𝑖𝑓
+ 𝑑𝑏
𝜎𝑏

𝑑𝑚
𝜎4𝑝
= 𝑑𝑏
𝜎𝑏

(2.16)

where the subindexes 2𝑝 and 4𝑝 refer to the 2­probe and 4­probe measure­
ments, respectively. Bulk, interface, and overall values can be computed by solving
this simple set (see table 2.1).

The same logic can be followed for water permeability, hydrogen permeability,
and electro­osmotic drag. In the case of water permeability, Zhao et al. [7] charac­
terized the water diffusivity by NMR, and subsequently calculated the permeability
by correcting for the interfacial effects, i.e., based on varying water activities at
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Table 2.2: Relative deviation from measurement of the overall values.

Transport Coefficient Deviation from Bulk
Conductivity (mS/m) −73.3%

Water permeability (mol/cm­s­bar) × 109 −99.5%
Hydrogen permeability (mol/cm­s­bar) × 1011 −92.8%

Electro­osmotic drag (molecule H2O/charge carrier) +47.2%

the feed side, they estimated an interfacial mass transport coefficient as suggested
in previous studies by Majzstrik et al. [8]. Therefore, the results found by Zhao
et al. are approximated to be the bulk values, whereas those of Ise and Kreuer
[41] found by a permeation experiment are considered to include large interfacial
contributions. Consequently a corrected overall value for water permeability can be
found from a procedure analogous to equations 2.15 and 2.16.

Schalenbach et al. [35] measured hydrogen permeability using an electrochem­
ical technique. In their experiment, hydrogen is left to permeate through a mem­
brane followed by an electrochemical cell that converts the permeated hydrogen
into protons; the generated current thus represents the permeation of hydrogen
through the membrane and it is related to the total amount of gas by Faraday’s
law. One may argue that due to the nature of the experiment, the overpoten­
tials at the interfaces will consume a certain part of the voltage drop and hence
the value that is being measured is lower than the actual charge transport due to
permeability. If the permeability of hydrogen measured with a volumetric method
[32] is assumed to have negligible interfacial contributions i.e. mainly bulk, and
the electrochemical measurement to induce large losses at the interfaces, a similar
treatment to that mentioned above applies in order to calculate a corrected overall
hydrogen permeability of the membrane.

Similarly, for the electro­osmotic drag, the results by Zawodinski et al. [27]
found by a volumetric method can be attributed to the bulk, whereas the mea­
surements by Onda et al. [43] in an electrolysis cell would account for combined
interfacial and bulk contributions. A summary of the overall property values is
shown in table 2.1.

The corrected overall values show large deviations from measurements where
the resistance contributions have been corrected for, and small differences with
those where interfacial effects are thought to predominate. This behaviour depicts
the fact that the role of contact resistances becomes increasingly important in mea­
surements where conditions resemble more closely those of an operating fuel cell.
A normalized comparison and deviation percentages are shown in figure 2.10 and
table 2.2.

When corrected for interfacial contributions, the overall proton conductivity equals
that from the 2­probe measurement where interfacial effects are thought to pre­
dominate and differs 73% from those where the set­up has been improved to reduce
contact resistances (4­probe). Even though 4­probe measurements are the main
geometry used to assess proton conductivity, the large difference with the overall
value indicates that this property will be significantly lower when the membrane is
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Figure 2.10: Comparison with measurements of bulk values as reference.

put into application. Similarly, water and hydrogen permeability show errors larger
than 90% when corrected as compared to those where interfacial effects have been
eliminated. This suggests that mass transfer at the interfaces is the limiting step.
On the other hand, the electro­osmotic drag shows an opposite behaviour due to
the nature of the experiment where the amount of molecules carried by the current
can be easily overestimated by the amount of electrolysed water.

In general, these results highlight the necessity to assess membranes and MEAs
in conditions as close as possibly to those of an operating fuel cell, as measure­
ments of bare membranes can be highly deceptive. A large part of the research
on transport properties has focused on isolating bulk values, whereas less attention
has been given to the role of the interfaces on the overall results. Nevertheless,
a few studies have demonstrated a deviation of certain properties in bulk mem­
branes with respect to thin films where the behaviour is expected to resemble the
interfaces due to confinement effects [46, 47].

Here, it has been shown that the effect of interfaces can be unraveled using
the transport coefficient matrix (TCM) method and their effect over the total values
for properties of interest in fuel cell engineering should be treated carefully, as it
was made evident by the variability of the results found in the literature (see table
2.3) and the large deviation of the overall values from the bare membranes. This
fact supports the hypothesis that the interfaces play a greater role than commonly
considered and highlight the necessity to further study interfaces in order to unravel
and account for mechanisms of charge and mass transport if more efficient fuel cells
are to be attained.

2.5. Conclusions
A systematic method to discriminate between bulk and interfacial resistances to
mass and charge transport has been presented and exemplified for key membrane
properties in PEM fuel cell applications. It was shown that this method allows unrav­
eling of the interfacial effects and that this can be done from existing experimental
results if critically assessed and handled. The proper handling of data highlights
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Table 2.3: Summary of errors between measuring techniques for each property.

Transport Coefficient Conditions RMSE (unit) % Error

Conductivity (mS/cm) 2­ vs. 4­probe 9.3 35%
In­ vs. Through­plane 41.2 33%

Water permeability (mol/cm­s­bar) × 109 ­ 3897 906%
Hydrogen permeability (mol/cm­s­bar) × 1011 ­ 0.9 28%

Electro­osmotic drag (molecule H2O/charge carrier)
T = 30 °C 0.6 28%
T = 80 °C 0.4 30%

the necessity to carefully choose and understand experiments when measuring bare
membranes or MEAs to closely resemble a fuel cell.

Interfacial effects on mass and charge transport resistances are crucial in fuel
cell engineering and including rather than eliminating them is of prime importance
for fuel cell development. This is supported by the results of our analysis where
interfacial effects account for significant percentages of the total measured values,
particularly in permeability measurements. This suggests that studying membranes
as close as possible to fuel cell operation would yield more efficient and possibly
cheaper fuel cells, and knowing the effects of contact resistances on all relevant
properties is a powerful tool for optimization in this scenario.

Furthermore, it was shown that the results reported in the literature are of an
erratic nature often due to the method in which properties are measured. This fact
creates a difficulty in assessing and comparing them which ultimately results in hin­
dering the progress of fuel cell engineering. The TCM method herein demostrated
also offers a systematic way of presenting and analyzing the different properties and
parameters deemed relevant for a certain system which could be advantageous for
membrane and fuel cell studies by helping scientists and engineers gather more
relevant and consistent data in a simpler, more accessible manner.
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3
Anomalous water sorption

kinetics in carbon­supported
Nafion thin­films

In our constant pursuit of something, we do not know
what is it that we want until we get it.

”The goals we pursue are always veiled”

(Sabina in The unbearable lightness of being)

To understand the role of interfacial resistance to water transport in a sys­
tem geometry comparable to that of a PEM fuel cell, water sorption kinetics
in carbon­supported Nafion thin­films has been studied at different temper­
atures and relative humidities while varying the membrane thickness. We
have found anomalous water sorption kinetics at short time scales, i.e. devi­
ation from the Fickian diffusion characteristic of these systems. We observe
two different time scales with a delayed onset to Fickian behaviour that can
be understood as the existence of two regimes with different diffusion coef­
ficients. We attribute them to an interfacial diffusivity, 𝐷𝑖, and a bulk dif­
fusivity, 𝐷𝑏. The onset delay is more pronounced on thinner films due to
increased interfacial resistance. Here, we show with a simple mathematical
model based on Crank’s solution to Fick’s second law, that the presence of
two regimes where water transport at the interface is orders of magnitude
slower than at the bulk can simulate the anomalous behaviour in sorption
curves. The onset times decay rapidly with increasing thickness of the films
and scale linearly with the resistance to water transport.

Rangel­Cárdenas, A.L., G.J.M Koper and S.J Picken. Anomalous water sorption kinetics in a carbon­
supported Nafion thin­film membrane­electrode assembly. In preparation.
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3.1. Introduction

T he attractiveness of polymer membrane fuel cells (PEMFCs) as a clean energy
solution in the market has been widely hampered by their still somewhat expen­

sive character. Performance losses due to contact resistance, fuel crossover (𝐻2,
𝐶𝐻4), electro­osmotic drag and water management, i.e. membrane hydration and
flooding, have been extensively studied as a means to improve efficiency [1–6].
NafionTM is the most commonly used proton exchange membrane (PEM) in PEM
fuel cells, electrolysers and other electrochemical devices [7, 8]. This ionomer con­
sists of a hydrophobic poly­tetrafluoroethylene (PTFE) backbone with perfluroalkyl
ether (PFA) side chains terminated in sulfonic acid groups [7–9]. The combination
of the hydrophobicity of the backbone with the hydrophilicity of the sulfonic groups
gives Nafion the chemical, thermal and proton­exchange properties that have made
it the standard for this application.

In this framework, water transport plays a particularly important role as charge
transport in the membrane depends heavily on its hydration level [4, 9–11]. Water
is fed into the device in the form of humidified gases that must travel through
the porous carbon gas diffusion layer (GDL), through the composite catalyst layer
­comprised of a combination of catalyst material, electronic support and Nafion
binder­, and finally transfer from the electrode into the membrane where it acts as
the vehicle for charge transport (see Figure 3.1).

Catalyst layer

Water vapour 
in

GDLPEM

Figure 3.1: Schematic of the water vapour pathway.

However, in this area of study, we systematically fail to account for the interfacial
effects and their relation to efficiency losses in energy devices. This is evidenced
by the vast amount of studies on different electronic and mass transport properties
whose values fall in ranges that differ by orders of magnitude as a consequence of
experimental conditions where the interfaces are thought to play a significant role
[1, 5, 6, 9, 12, 13]. This brings about the importance of understanding the role
of interfacial effects under conditions and geometries that resemble more closely a
PEMFC working environment.

It has been suggested that the interfaces affect the overall performance of a fuel
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cell as much as the individual components [14] with the water/ionomer interfacial
resistance being the primary contributor to losses in the system [2, 15, 16]. The
membrane’s resistance varies depending on its hydration level and contact between
the different materials, which in turn depends on the fabrication method and treat­
ment of the membrane­electrode assembly (MEA) [12]. It is for this reason that it
is key to understand interfaces in simple models that can be easily combined with
the wide range of experimental conditions that are used to characterize membrane
properties.

Water sorption kinetics are routinely studied in polymer science, where the solu­
tions to the diffusion equation are tabulated for a vast range of initial and boundary
conditions [17]. Kinetics in humidified polymers commonly follow a Fickian solu­
tion where the relative mass of the polymer increases exponentially with time and
the average diffusion coefficient can be related to the slope of the exponential
(see section 3.3.3). However, despite the number of studies on Nafion bulk mem­
branes, just a handful of studies on water transport properties in Nafion thin­films
can be found in the literature. Eastman et al. (2012) [18] studied Nafion thin­films
in the range of 20 – 222 nm thickness. They find anomalous water sorption be­
haviour characterized by a sigmoidal curve that is thickness­dependent, similar to
bulk Nafion, and ascribe it to contributions from interfacial transport resistance and
restrictions in internal diffusion due to confinement effects. This was evidenced by
a sharp turning point at thicknesses <50 – 60 nm in the effective diffusion coeffi­
cient. At this short distance, confinement effects were found to be more dominant
than interfacial effects, i.e. due to restricted mobility of the polymer. Similarly,
Kongkanand (2011) [15] found that at Nafion thickness >500 nm the behaviour of
water content in the polymer was very similar to its bulk counterpart. However, at
a thickness <33 nm it was found that water content was lower overall and tended
to decrease further with increasing water activity, although the reasons why re­
mained unclear. Interactions with the substrate and surface confinement effects
were hypothesized as responsible for this characteristic of their films. Furthermore,
they find that the interfacial mass transport resistance (1/𝑘𝑖𝑛𝑡) increased with water
activity and was a result of contributions from the mass transport resistance at the
gas boundary layer (1/𝑘𝑏𝑙) and the membrane interfacial resistance (1/𝑘𝑏𝑙). While
transport at the membrane interface is the primary contributor, it was shown that
the gas boundary layer can contribute to as much as 47% to the total interfacial
mass­transport coefficient, 𝑘𝑖𝑛𝑡.

Contrastingly, Davis et al. (2014) [8] have measured water diffusion using in­situ
polarization modulation infrared reflection absorption spectroscopy (PM­IRRAS), in­
stead of the most common quartz crystal method. They found that the interfacial
mass transport is minimally limited as evaluated by the mass­transfer Biot num­
ber (Bi), while the effective diffusion coefficient was 4 – 5 orders of magnitude
lower than that in bulk membranes. However, it should be noted that this applies
for the type of experiment that they have performed, as opposed to other studies
that find water transport as mainly governed by interfacial mass transport [15, 18].
Regarding the effect of the substrate, scattered information is available. In some
instances, the substrate was found to not affect on water transport properties [15],
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while in others the substrate was found to have significant effects [7]. However,
by studying several different supports, Abuin et al. [7] found that water uptake of
Nafion thin­films in the range of 17 – 1000 nm is independent of thickness when
supported in glass, but slightly dependent when supported on Au. Substrates had
even bigger effects when they were Si, graphite and ITO with the last two showing
the lowest water contents. The effect of the substrate has been put forward before
by other authors where neutron reflectometry experiments showed that hydropho­
bic domains form on the Nafion surface when in contact with Pt and glassy carbon
[19–21].

In this work, we observe that in a PEMFC geometry the Fickian solution to the
diffusion equation does not apply over the entire time scale but there exists an
anomalous behaviour at short times before Fickian diffusion takes off. Thus, we
will address the question of whether the polymer/electrode interface is responsible
for this anomaly. To find this out, Nafion membranes were cast onto a home­made
electrode consisting of platinum catalyst on a carbon GDL that mimics a half fuel
cell. This assembly was subjected to water sorption experiments in temperatures
from 20 to 80 °C while the relative humidity was varied between 20% and 80%.
To distinguish between interfacial and bulk properties, we performed these experi­
ments on assemblies with varying thickness of the Nafion layer, ranging from 1.8𝜇m
to 13.3 𝜇m. We expect that the effect of the interface will be more pronounced on
thinner films as their thickness approaches the thickness of the interface [15, 22].
We propose a different, simplified formulation to the problem based on Crank’s so­
lution [17] where we consider these two regimes to have different average diffusion
coefficients, i.e. at the interface (𝐷𝑖) and in the bulk (𝐷𝑏).

3.2. Experimental
3.2.1. Home­made electrode fabrication
Inks with the active material were prepared by stirring 0.9529 g Nafion™ solution
(PFSA 5 wt.% in low aliphatic alcohols, Quintech) in 30 ml acetone for 15 minutes.
The solution was then dispersed in an ultrasound bath for another 15 minutes where
0.2719 g Pt on Vulcan XC­72 (40%, Sigma Aldrich) were intermittently added to the
flask to avoid burning of the catalyst during sonication. The sonication process was
then continued for another hour. The resulting ink was sprayed onto a carbon gas
diffusion layer (TorayTM, Quintech) and left to dry on a hotplate to obtain electrodes
with a loading of 1 mg·cm­2.

3.2.2. MEA preparation and characterization
Themembrane­electrode assemblies (MEA) with different membrane thickness were
prepared by drop­casting different volumes of Nafion solution (5 wt%, Sigma Aldrich)
onto clean home­made Pt electrodes. Before casting, the Pt electrodes were cut
into squares of 4 cm2 and treated under 0.3 mbar in a plasma cleaner for 5 min
to ensure a clean surface. Finally, volumes of 0.1, 0.2, 0.3 and 0.6 ml of Nafion
solution were cast onto the clean electrodes and left to dry at room temperature in
a fume hood An estimation for the films thickness was calculated by estimating the
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amount of solid Nafion spread onto the electrode area and corrected by the weight
of solvents.

SEM micrographs of the assemblies were obtained using a JEOL JSM‐6010 LA
with a standard beam potential of 5 kV. Spot and map analyses were obtained
by the energy­dispersive X­ray spectroscopy (EDS) function using the backscatter
detector and 20 kV. Finally, the surface roughness of the cast Nafion thin­films was
measured using a Dektak 8 stylus profiler (Veeco Instruments).

3.2.3. Water sorption measurements
Circular samples of 5 mm diameter were cut out of the membrane­electrode as­
semblies and placed inside a TGA Q5000SA (TA Instruments). Water sorption mea­
surements were performed at four temperatures, namely 20 °C, 40 °C, 60 °C and
80 °C. An equilibration time at 60 °C and 1% RH of 1 h was allowed to ensure the
sample was free of moisture. Next, the temperature in the chamber was set and
the relative humidity was allowed to rise by increments of 20% (i.e. 20%, 40%,
60% and 80% RH were measured at each temperature). At each RH step, the
weight change of the sample was measured for a maximum of 300 min unless the
change in weight was less than 2 μg for 10 minutes; in this case the next step was
immediately activated. At the end of each temperature measurement the RH was
allowed to return to 1%. The desorption process continued for 800 minutes and
the same condition of weight change of less than 2 μg for 10 minutes applied.

3.3. Results
3.3.1. MEA preparation and characterization
The estimated final Nafion film thicknesses are 1.8 𝜇m, 4.4 𝜇m, 6.7 𝜇m and 13.3 𝜇m.
Micrographs of the bare carbon gas diffusion layer (GDL), Pt electrode and a half
MEA can be found in Supplementary Information, as well as the mean roughness
of the films as measured by AFM. In general, thicker films were less rough as the
electrode pores filled with more solution.

3.3.2. Equilibrium water sorption
Figure 3.2 shows a typical mass change vs. time curve where the relative humidity
has been stepped up by 20% at 20 °C. The mass change data were used to evaluate
the equilibrium water content of the Nafion films as the number of water moles per
exchange site (𝑚𝑜𝑙 𝐻2𝑂/𝑚𝑜𝑙 − 𝑆𝑂−3 ):

𝜆 = 𝑚𝑤𝑀0
𝑚𝑑𝑀𝑤

(3.1)

here 𝑀𝑤 and 𝑀0 are the water and Nafion molecular weight (18.016 𝑔 ⋅ 𝑚𝑜𝑙−1
and 1100 𝑔 ⋅ 𝑚𝑜𝑙−1), respectively.

Water uptake by the Nafion thin­films is shown in figure 3.3 as a fit to a third­
degree polynomial as suggested by Springer et al. [4] at 20 °C and 80 °C. It is
worth noting that the typical BET pattern would become more clear with the addition
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of water uptake at 100 %RH, however as seen in previous work, the correlation
between water uptake and water activity is nearly linear in the range of 20 to 80
%RH [7, 15, 23]. Furthermore, measurement at 100 %RH is found to be less
reliable due to possible condensation inside the instrument.

 1.8 µm
 4.4 µm
 6.7 µm
 13.3 µm

20 30 40 50 60 70 80
2
3
4
5
6
7
8
9

10

λ,
 m

ol 
H 2O

/m
ol 

SO
- 3 

% RH
0 2 4 6 8 10 12 141

2
3
4
5
6
7
8
9 80%

60%

40%

λ,
 m

ol 
H 2O

/m
ol 

SO
- 3 

Thickness, µm

20%

Figure 3.3: Water uptake at 20 °C).

For the thinnest film, i.e. 1.8 𝜇m, water uptake seems to decrease at RH ≥ 80%
opposite to the other films, suggesting an uptake threshold limited by thickness.
In figure 3.3b, water uptake as a function of thickness is shown as a fit to a third­
degree polynomial. These results suggest indeed a thickness threshold at ∼ 4.4 𝜇m
that becomes more evident at higher water activity.

3.3.3. Water sorption kinetics
According to Fick’s second law, the diffusion equation within the membrane is given
by
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𝜕𝐶
𝜕𝑡 =

𝜕
𝜕𝑥 (𝐷

𝜕𝐶
𝜕𝑥 ) (3.2)

Solutions to this equation have been widely tabulated for a variety of initial
and boundary conditions [17]. The simplest solution is obtained by assuming a
constant initial concentration (𝐶 = 𝐶0 at 𝑡 = 0) and a constant concentration at the
film surfaces at times t >0. Symmetry of the concentration at the centre of the
membrane is assumed. The solution to this equation with fractional weight uptake
as a function of time is as follows [24]:

𝑀𝑡
𝑀∞
∣
𝐹
= 1 −

∞

∑
𝑛=0

8
(2𝑛 + 1)2𝜋2 𝑒𝑥𝑝(−

𝐷𝑎𝑣(2𝑛 + 1)2𝜋2𝑡
𝑙2 ) (3.3)

where 𝑀𝑡 is the water uptake at time 𝑡, 𝑀∞ is the equilibrium water uptake (i.e.
at infinite time), 𝐷𝑎𝑣 is the effective diffusion coefficient (𝑐𝑚2 ⋅ 𝑠−1) averaged over
the concentration interval and 𝑙 is the film total thickness (𝑐𝑚). This solution is
the classical Fickian solution and represents the weight uptake of a penetrant that
enters due to the concentration gradient created by the initial surface concentration
[25]. This solution is known to describe the kinetic sorption behaviour of relatively
non­condensable gases in polymer materials and some vapours at low activity [24]
and is widely used in polymer science [24–26].

The kinetics of water sorption is shown in figure 3.4 as a plot of the normalized
mass change in a relative humidity step from 1­20% at 20 °C versus the square
root of diffusion time scaled by a) the film thickness, and b) the thickness squared.
Scaling by the thickness or thickness squared would collapse sorption curves into
one single master curve if the diffusion coefficients were independent of the film
thickness and governed by either internal or interface diffusion. In contrast, neither
scaling collapses the sorption curve suggesting that there is more than one con­
tribution to the thickness­dependent transport at these length scales. This agrees
with what other authors have found on nanometric and bulk Nafion membranes
[18, 27], where transport resistance at the interface and confinement effects are
responsible for this behaviour [15, 18].

The thickness dependence also seems to affect the onset time to Fickian diffu­
sion, i.e. the linear part of the water sorption curves. This anomalous behaviour
where diffusion does not follow the Fickian pattern has been observed before in
Nafion films as well as in other glassy polymers [18, 28]. Authors have attributed
its causes to water clustering in the polymer channels, surface concentration vari­
ability, confinement effects or instrument control lag. Furthermore, this behaviour
is not constrained only to the beginning of sorption but to any regime where a de­
viation from linearity exists and the relative magnitude of the rates of diffusion and
relaxation processes are determinant in the anomalous effects [8, 18, 24, 25, 28].

Despite the anomalous behaviour, the Fickian regime can be used to estimate
an average diffusion coefficient. Equation 3 can be solved by iterative calculations
and lead to a best­fit of the experimental data. Alternatively, it can also be solved in
different domains, i.e. the linear and exponential parts of the curve. In the present
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Figure 3.4: Water sorption curves scaled by 𝑙 and 𝑙2, respectively.

work, an estimation of the average diffusion coefficient in the Nafion thin­films was
done by approximation of equation 3 to its solution in the linear domain at values
of 𝑀𝑡/𝑀∞ < 0.5 [28]:

𝑀𝑡
𝑀∞
∣𝐹 =

4
𝑙

√
𝐷𝑎𝑣𝑡
𝜋 (3.4)

The average diffusion coefficient was determined for all films in the range of 1
– 80% relative humidity. An example of this analysis at 20 °C is shown in figure
3.5. Here it is clear that at larger thicknesses the effect of relative humidity on
diffusion is more pronounced, while in the thinnest film it seems to be independent
on hydration of the membrane. These results suggest either confinement effects
in the polymer film or increasing interfacial resistance at smaller thicknesses. As
confinement effects have been reported to be significant at the nanometric scale,
well below a 500 nm threshold [8, 15, 18], we believe that at the micron scale in­
terfacial effects are more likely to be the determining step. Especially if we consider
that at thicknesses >10 nm, where films are considered to have more of a bulk­like
behaviour [15, 22], we also observe improved diffusion with water content.

Furthermore, diffusion tends to decrease with increasing relative humidity. This
effect is more evident in figure 3.5 where 𝐷𝑎𝑣 is shown against %RH for all film
thicknesses. Typically, diffusion would increase as the polymer becomes more hy­
drated and resistance to water transport decreases, however, Nafion is a polymer
that can be thought of as a bi­continuous emulsion, with hydrophobic and hy­
drophilic domains that create a network of pockets interconnected by channels.
The water mobility in these two regions is likely to be different thus making it
possible that the rate­determining step is the water transfer in and out of the chan­
nels, which primarily accumulate water at low and medium water activities [23].
Studies on porous materials such as 𝐶𝑎𝐶𝑙2­in­silica­gel have shown water sorption
kinetics such as seen in our experiments with the slope of the sorption curve de­
creasing with water content and has been attributed to increased pore tortuosity
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Figure 3.5: 𝐷𝑎𝑣 variation with thickness (left) and % RH (right).

caused by interactions of water molecules with the salt [29]. Even though, the
opposite behaviour has been observed in Nafion thin­films [6], it should be noted
that these studies were done on self­supporting films or films cast onto a QCM
substrate. Contradictory opinions are found in the literature on the effect of the
substrate in water sorption. In one study, the quartz support of the microbalance
has been coated with either Au or Pt before Nafion casting with no major effect
on water sorption kinetics [15]. However, as the metals were deposited onto the
same kind of quartz crystal, the morphology and microstructure of the substrate
essentially did not change. Abuin et al. [7] did a more comprehensive study on the
effect of different substrates with different morphologies and found that graphite
and ITO supports yielded the lowest water contents in their Nafion thin­films. In
our case, Nafion films were cast onto an electrode consisting of a porous carbon
substrate that was subsequently coated with a platinum layer. This electrode sub­
strate was then plasma­cleaned before Nafion film casting. The plasma cleaning
process in particular aids with making surfaces hydrophilic which ultimately may
result in an orientation of the Nafion hydrophilic domains towards the substrate,
while the hydrophobic domains end up oriented towards the surface in contact with
water vapour. The most common morphologies of block copolymers are lamellar
and cylindrical packing of ionic and non­ionic phases. In the case of Nafion, several
studies have shown layering in hydrophobic/hydrophilic planar clusters, or strati­
fication, depending on various factors such as membrane thickness or substrate’s
surface energy [14, 19, 22, 30–33]. For instance, da Silva et al. [30] have recently
shown a SAXS signature pattern for lamellar phase separation of the ionic domains
in Nafion. Aided by infrared spectroscopy and wide­angle X­ray scattering (WAXS),
they conclude that lamellar arrangement is the most representative morphology of
Nafion. Furthermore, Dura et al. [19] studied interfacial structures of Nafion at
the substrate boundary by neutron reflectivity. They found that Nafion lamellae
formation was dependent on the substrate, observing multilamellar structures in
𝑆𝑖𝑂2 substrates, while only a single water­rich lamella was observed on Pt and Au
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substrates. However, Kim et al. [14] have claimed that interfacial structures seem
to be strongly dependent on surface energy, resulting in no lamellae observed on
hydrophobic surfaces and interfacial lamellae formation on hydrophilic substrates.
In summary, it follows that a combination of ion cluster formation at low hydration
levels and the resistance at the surface likely due to the hydrophobicity inflicted by
interfacial polymer stratification might prevent water diffusion more strongly in thin­
ner films. We can rationalize that the thinner the film, the higher the hydrophobic
lamella thickness to total thickness ratio, thus the more resistance to water sorption
and the faster the film saturation with water, thereby providing an explanation for
the behaviour we observe. Even though, more experimental data would be neces­
sary to prove the existence of a stratified surface, e.g. SAXS experiments, we will
discuss further support in this direction in section 3.3.5.

3.3.4. Interfacial effects in a simplifiedmathematical model
Diffusion in two steps as seen in the sigmoidal curves in figure 3.4 has been ob­
served in glassy polymers before such as PHEMA membranes (poly(2­hydroxyethyl
methacrylate)), chitosan, PET and PEF [24, 25, 28]. In addition, this sigmoidal
behaviour has also been reported in porous media and attributed to increased tor­
tuosity within the water pores [29].

Even though the second step may be well explained by Fickian diffusion, the
relationship between the interface and non­fickian behaviour has been less explored
in Nafion thin­films [15, 27]. A few models have been used to explain the sigmoidal
nature of water sorption in other glassy polymers such as the one proposed by
Long and Richman [34] where the water concentration at the surface is considered
to be variable. The model proposed by Berens and Hopfenberg [35] considers
the sorption process to be a linear superposition of independent contributions from
Fickian diffusion and polymeric relaxation. And a third model, the diffusion­reaction
model, considers the penetrant to be distributed in two types of sorption modes,
one that allows penetrant to diffuse freely, and one that immobilizes the sorbed
penetrant limiting its movement. The key assumption in this model is that the
transfer between two modes is equivalent to a first­order reversible reaction [36].

However, the role of the vapour/Nafion interface in an actual fuel cell config­
uration has not been studied to the best of our knowledge. Here, we propose a
simplified model where the two time constants in the sigmoidal curve correspond
to regions with different average diffusion coefficients, i.e. the interface and bulk.
We consider the interface and bulk to be two subsequent polymer slabs so that the
diffusion equation (3.2) can be differenced as follows:

(𝑢𝑛+1
𝑗 − 𝑢𝑛

𝑗 )
Δ𝑡 = 𝐷

2
⎡⎢⎢⎢⎣

(𝑢𝑛+1
𝑗+1 − 2𝑢𝑛+1

𝑗 + 𝑢𝑛+1
𝑗−1 ) + (𝑢𝑛

𝑗+1 − 2𝑢𝑛
𝑗 + 𝑢𝑛

𝑗−1))
(Δ𝑥)2

⎤⎥⎥⎥⎦
(3.5)

Which is a forward time­centred scheme (FCTS) averaged on its explicit and
implicit forms thus combining the accuracy of the explicit, and the second order in
time and space of the implicit. This is the Crank­Nicolson scheme which is centred
at timestep 𝑛 + 1/2 and is stable for any size of Δ𝑡. This can be solved by a set of
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simultaneous linear equations at each timestep for 𝑢𝑗𝑛+1. What turns this into a
simple problem is the fact that the system can be written as a tridiagonal matrix by
grouping the terms appropriately:

− 𝛼𝑢𝑛+1
𝑗−1 + 2(1 + 𝛼)𝑢𝑛+1

𝑗 − 𝛼𝑢𝑛+1
𝑗+1 = 𝛼𝑢𝑛

𝑗−1 + 2(1 − 𝛼)𝑢𝑛
𝑗 + 𝛼𝑢𝑛

𝑗+1, 𝑗 = 1, 2...𝐽 − 1 (3.6)

Where 𝑢 represents the concentration, and

𝛼 ≡ 𝐷Δ𝑡
(Δ𝑥)2 (3.7)

Defining new parameters

𝑏 = 𝑐 = 𝛼 (3.8)

𝑎 = 2(1 + 𝛼) (3.9)

𝑑𝑗 = 𝛼𝑢𝑛
𝑗−1 + 2(1 + 𝛼)𝑢𝑛

𝑗 + 𝛼𝑢𝑛
𝑗+1 = 𝑐(𝑢𝑛

𝑗−1) + 2(1 − 𝑐)𝑢𝑛
𝑗 + 𝑏𝑢𝑛

𝑗+1 (3.10)

Then

− 𝑐(𝑢𝑛+1)
𝑗−1 ) + 𝑎𝑢𝑛+1

𝑗 − 𝑏𝑢𝑛+1
𝑗+1 = 𝑑𝑗 (3.11)

Note that 𝑎, 𝑏, 𝑐 are constant coefficients, while 𝑑𝑗 varies with the index. The
main diagonal is 𝑎; the sub­diagonal is 𝑏; 𝑐 is the super­diagonal. The right­hand
side (RHS) vector is 𝑑𝑗. This system can be solved by tridiagonal matrix algorithm
(also known as Thomas algorithm) which is a simplified form of Gaussian elimination
(for further reading refer to Numerical Recipes, ch. 20.2 [37]).

The system was solved using the initial condition

𝑢 (+𝑙/2 < 𝑥 < −𝑙/2, 𝑡 = 0) = 0 (3.12)

And boundary conditions

𝑢 (±𝑙/2, 𝑡 > 0) = 𝑢0 (3.13)

𝐷(±𝑙/2, 𝑡) = 𝐵𝑖
𝑙 𝐷𝑏 = 𝐷𝑖 (3.14)

Where 𝐷𝑖 and 𝐷𝑏 are the average diffusion coefficients at the interface and bulk,
respectively. These are related by Biot’s number, defined as the ratio of the internal
and interfacial resistances, 𝐵𝑖 = 𝑅𝑏/𝑅𝑖. Assuming thickness to be unity, when 𝐵𝑖 =
1, then the Fickian solution shown in equation 3.3 is obtained. Figure 3.6 shows the
effect of decreasing 𝐵𝑖 down to 1E­06. As Bi decreases, i.e. interfacial resistance
increases, the sigmoidal behaviour that was seen earlier becomes more evident.
This is the equivalent of making the interfacial resistance 103 times larger than the
internal resistance, showing that the anomalous water sorption behaviour is at least
partially caused by the vapour/Nafion interface.
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Figure 3.6: Simulation of water sorption curves with varying 𝐵𝑖 number.

3.3.5. Analysis of interfacial effects
The most important inhomogeneities in an MEA are the surfaces that are in contact
with the electrodes or with water vapour. A well­known phenomenon that can be
used to characterize these inhomogeneities is the “contact resistance” between two
materials where transport of some kind occurs. Following Bedeaux and Kjelstrup
[38, 39] a relatively successful, thermodynamically consistent, approach to describe
interfacial inhomogeneities consists of considering the membrane to be composed
of a uniform central “bulk” material between two thin interfacial layers. The fluxes
are considered to be continuous through the layers and hence the “resistance” of
the individual layers are additive [12]:

L−1𝑡𝑜𝑡 =
𝑙𝑖L−1𝑖 + 𝑑L−1𝑏 + 𝑙𝑖L−1𝑖

𝑙𝑖 + 𝑑 + 𝑙𝑖
(3.15)

where L−1 is the inverse of any transport coefficient and represents the resistivity
of the membrane; l is the thickness of the interface layer, d is the thickness of the
bulk, and the suffixes i and b denote the interface and bulk. The thicknesses of
the interfacial layers are generally not known and remain integrated within the
coefficient matrix of the layers.

Considering the resistance to water transport to be the inverse of water perme­
ation through the membrane, it follows that:

𝑙𝑚
𝑃𝑤,𝑚

= (2𝑙𝑖)𝑃𝑤,𝑖
+ 𝑙𝑏
𝑃𝑤,𝑏

(3.16)
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where 𝑃𝑤 is the water permeation coefficient and the suffix 𝑚 denotes the mea­
sured values. The experimentally measured permeability and the diffusion coeffi­
cient are related by the solubility:

𝑃𝑤 =
𝐷𝑤
𝑝𝑤𝑉𝑤

(3.17)

where 𝑝𝑤 is the water partial pressure and 𝑉𝑤 is the water volume. Then equa­
tion 3.16 can be written as:

(𝑝𝑤,𝑚𝑉𝑤,𝑚)
𝑙𝑚
𝐷𝑚
= (𝑝𝑤,𝑖𝑉𝑤,𝑖)

2𝑙𝑖
𝐷𝑖
+ (𝑝𝑤,𝑏𝑉𝑤,𝑏)

𝑙𝑏
𝐷𝑏

(3.18)

Assuming the partial pressure to be uniform across the membrane at a given
temperature (constant solubility), then we define the interfacial resistance coeffi­
cient:

𝛽 = 2𝑙𝑖
𝐷𝑖

(3.19)

Estimations of 𝐷𝑏 have been done using the diffusion coefficient expression
given by Fuller [40] as a function of 𝜆 and temperature (in K)

𝐷𝑤,𝑓 = 2.1 × 10−3 𝜆 𝑒𝑥𝑝 (−2436/𝑇) (3.20)

In figure 3.7, the change in the interfacial resistance coefficient, 𝛽, with water
content, 𝜆, is depicted for water sorption measurements at 20 °C. The interfacial
effects are more pronounced on the thinnest film except for the 6.7 𝜇m film. At
this thickness and for 𝜆 >6, the interfacial effects increase rapidly with increasing
hydration of the membrane. A similar effect was observed in figure 3.5b and 3.3b
where 𝐷𝑎𝑣 decreased with increasing hydration of the membrane and there seemed
to be a transition region between 4 – 6 𝜇m. The increase in the interfacial resistance
coefficient with 𝜆, supports the theory of increased pore tortuosity by transport
limitations in water pockets and the hydrophobic polymer surface by stratification
near it.

Furthermore, increasing thickness of the films decreases the interfacial resis­
tance coefficient rapidly following a power decay with a rate between 0.78 – 0.87
as shown in figure 3.7b. From the coefficient 𝛽 an estimation of the average dif­
fusion coefficient at the interface, 𝐷𝑖, can be done by giving the interface a certain
thickness. For the purpose of our analysis, we shall assume an interfacial thickness
of 5 nm, which is not an unreasonable length scale considering studies that sug­
gest the ionomer/Pt interface to extend a few (to tens of) nanometres [14, 20, 41].
Even more, recently this interface and its degradation has been visualized by high­
resolution STXM where it seemingly extends just a few nm [42]. The results of the
change in the average diffusion coefficient at the interface with thickness of the
films are shown in figure 3.7c.

This estimation shows a sharp decrease in 𝐷𝑖 between 4.4 – 6.7 𝜇m, consistent
with the average diffusion coefficient (see figure 3.5a) which increases further at
thicknesses >6.7 𝜇m as water content increases too (see figure 3.3a).
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Figure 3.7: a)Interfacial resistance coefficient vs. water content and b) vs. film thickness; c) interfacial
diffusion coefficient vs. thickness; d) onset time vs. thickness

Finally, the resistance of the film can be evaluated in terms of the onset time to
fickian diffusion in the water sorption curves, defined as 𝜏 =

√
𝑡/𝑙. The onset time

increases linearly with interfacial resistance (see figure S4). In figure 3.7d, the onset
time against thickness is presented. Regardless of water activity (or hydration of
the membrane), the delay to Fickian diffusion decays rapidly with an increasing
thickness (at a rate of ~0.88), meaning thicker membranes approach bulk diffusion
faster, and likewise validating the study of interfaces at film thicknesses of a few
𝜇m (<6.7 𝜇m).

3.4. Discussion
Water sorption kinetics on supported Nafion thin­films has been studied by casting
membranes with varying thickness onto a Pt/GDL electrode in a similar fashion to
an MEA in a PEM fuel cell. We find that these Nafion thin­films hydrate mostly
similar to self­supporting membranes following a BET pattern. However, we find
hydration to be a function of the thickness with suggestions of a threshold in the
region between 4.4 – 6.7 𝜇m. Furthermore, the kinetics of water sorption show an
anomalous behaviour that deviates from Fickian diffusion at small time scales. As a
result, sigmoidal curves that are strongly dependent on thickness are characteristic
of water sorption in Nafion thin­films supported on a typical FC electrode. We find
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that this anomaly can be explained by the existence of two regimes where the
average diffusion coefficient takes different values, i.e. bulk and interface. We
find that simulations with a diffusion coefficient at the interface that is orders of
magnitude lower than that at the bulk of the membrane can reproduce the sigmoidal
shape seen in our experiments.

Further analysis of the interface shows that the interfacial resistance increases
significantly as the thickness of the film decreases, following a power law with a
rate of ca. 0.78 – 0.87. At the same time, estimations of the average interfacial
diffusion coefficient, 𝐷𝑖, corroborate the existence of a transition region between 4.4
and 6.7 𝜇m, with 𝐷𝑖 decreasing sharply below this region. This is consistent with our
findings on hydration of the films where we saw that above 6.7 𝜇m, water content
(𝜆) and therefore the average diffusion coefficient (𝐷𝑎𝑣) increase at a faster rate.
Our observations of the tendency of 𝐷𝑎𝑣 to decrease with increased water activity
can be explained by the known limitations at low hydration levels due to transport
in and out of water pockets formed in Nafion membranes [23] and the resistance
exerted by a possibly stratified outer layer. This phenomenon is supported by the
fact that the interfacial resistance coefficient (𝛽) also increases as the membrane
becomes more hydrated. Even though, stratification at the surface has not been
investigated in the present work, there is strong evidence from our results and
previous findings on Nafion´s tendency to form stratified layers to believe this to
be a contributing factor on the increased resistance found in thinner films. Finally,
the resistance of the membrane to water transport can be assessed in terms of
the delay time to Fickian diffusion (𝜏) that follows a power decay with increasing
thickness and scales linearly with the interfacial resistance coefficient (𝛽).

In general, we find that the interfaces are responsible for the anomalous water
sorption behaviour and the effects of the interfaces become significantly stronger as
thickness is decreased further. To illustrate this effect, figure 3.8 shows a compari­
son of our results and diffusion coefficient values found in the literature at different
thicknesses of the membrane. There is a remarkable difference of almost seven
orders of magnitude between the smallest thickness reported (of a few nm) and
standard Nafion membranes of ~180 𝜇m thickness. In our work, where Nafion
thin­films have been cast on a Pt electrode and GDL, we find that < ca. 4.4 𝜇m
thickness the effects of the interface are more pronounced, while effects above 6.7
𝜇m are more bulk­like.

3.5. Conclusion
In short, we have studied Nafion water sorption kinetics in a geometry that resem­
bles that of a PEM fuel cell by using a Pt/C/GDL support and intermediate thick­
nesses of the Nafion films, i.e. where confinement effects are not thought to play
a role (<500 nm) and bulk behaviour is not dominant (>10 𝜇m). Studies of the
Nafion/vapour interface in a membrane electrode assembly have revealed anoma­
lous water sorption behaviour as opposed to self­standing membranes that can be
found in the literature. This behaviour can be explained by interfacial resistance
to water transport as the existence of a regime near the surfaces where the aver­
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Figure 3.8: Water diffusion coefficient in Nafion membranes as a function of thickness. 20 nm [23], 50
nm [18], 176 nm [8], 200 nm [18], 1.8 to 13.3 𝜇m (this work), 50.8 𝜇m [43], 127 𝜇m [43], 183 𝜇m
[11], 183 𝜇m [44]
.

age diffusion coefficient is orders of magnitude lower than that at the bulk of the
membrane. We find that these interfacial effects become significantly stronger at
smaller thicknesses as assessed by the average interfacial diffusion coefficient (𝛽)
and the delay time (𝜏). For Nafion thin­films supported on a Pt/C/GDL electrode,
these effects become stronger at 𝑙 <4.4 𝜇m, and at 𝑙 >6.7 𝜇m the behaviour is
more bulk­like.
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Appendix
3.A. SEM micrographs of electrodes

Figure 3.9: SEM micrographs of a) scraped electrode and b­e) elemental mapping.
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3.B. SEMmicrographs pristine electrode vs. MEA

Figure 3.10: SEM micrographs of (a) pristine electrode and (b) electrode after Nafion film casting.

3.C. Mean surface roughness

Figure 3.11: Mean surface roughness.

3.D. Onset time as a function of interfacial resis­
tance

Figure 3.12: Onset time vs. interfacial coefficient resistance. R2=0.9949..
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Despite their recent re­found popularity as green energy technology, PEM
fuel cells still have various obstacles to overcome. One of their most relevant
downsides is still their high cost due to the use of precious metals as elec­
trocatalysts. A lot of research is focused on ways to lower Pt loading in elec­
trodes or in finding alternative materials. Transition metal oxides (TMOs) as
an alternative in similar electrochemical systems have gained a lot of atten­
tion recently due to their availability and low cost. Different TMOs have been
studied for alkaline fuel cells, photoelectrochemical water oxidation, among
other applications. In spite of the good prospects offered by these materials,
research of their use as electrocatalysts in PEMFCs is not common. Here
we present a spinel­type material with formula H𝑧Li1−𝑥Mn2O4 (HLMO). We
have protonated a cubic spinel LiMn2O4 through an ion­exchange reaction in
acid. Proton insertion in the crystal lattice of the spinels was confirmed by
neutron diffraction (ND) and solid­state NMR (ssNMR). In addition, Rietveld
refinements yielded the final stoichiometry of our materials. A combination
of ND, ssNMR and electrochemical tests for oxygen reduction (ORR) activity
give a positive outlook on the use of HLMOs as electrocatalysts in PEMFCs.
In general, we have found that electrocatalytic activity increases with proto­
nation. In addition, there are strong suggestions that formation of high­spin
Mn3+ centres is aided by proton insertion. We hypothesize that inserted pro­
tons modify the local magnetic field experienced by Mn centres allowing the
formation of its high­spin electronic structure, and that the resulting elec­
trocatalytic activity is a synergistic effect between H+ and high­spin Mn3+

ions as active sites. Furthermore, we report, to the best of our knowledge,
characteristic proton resonances in spinel HLMOs for the first time. These
results open the way to a new class of low­cost, alternative electrocatalysts
for PEMFC applications.
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4.1. Introduction

P roton­exchange membrane fuel cells (PEMFCs) commercial use has been ham­
pered due to their still high costs. The use of precious metals such as platinum

or ruthenium as electrocatalysts in both, Hydrogen Oxidation and Oxygen Reduc­
tion reactions (HOR and ORR, respectively) is one of the main downsides of these
devices. This is why research in the field focuses a lot of attention in the search
of ways to reduce the loading of precious metal catalysts or into finding alternative
materials [1–3]. Recently, transition metal oxides (TMOs) have attracted attention
due to their availability and low cost in many applications, e.g. semiconductors,
(electro­)catalysis, energy storage. They are found in several natural catalytic cy­
cles and the spread of their applications is mainly due to the various oxidation states
they can take, thus giving them a variety of chemical properties that ultimately aid
electron transfer where necessary [4–7].

In this regard, manganese oxides have been extensively studied as catalysts
in many different applications, e.g. in the conversion of CO, NO𝑥, SO𝑥 and other
volatile organic compounds, decomposition of ozone and hydrogen peroxides, or­
ganic reduction and oxidation, removal of bacterial pathogens, epoxidation of olefins,
photo­/electrochromics and oxygen evolution and reduction reactions (OER and
ORR) [5–12]. In fact, different manganese oxides, e.g MnO, MnO2, Mn3O4, MnOOH,
Mn2O3 and Mn5O8, have been shown to be highly active in alkaline conditions
[10, 11, 13–15]. However, despite their potential as catalysts to ORR and OER in
alkaline and neutral media in e.g. metal­air batteries [16–20], alkaline fuel cells
[15, 17, 20], microbial fuel cells [16, 20] and electrolysers [15, 21, 22], research
on manganese oxides as catalysts in PEMFCs has been rather limited.

Catalysis in alkaline media often suggests that active materials have in com­
mon the fact that they allow reversible proton insertion, and in that regard several
manganese oxides have been studied, e.g. Mn2O3, Mn3O4 and MnO2 [7, 9, 11].
In particular, manganese oxides with cubic crystal structures have been shown
as promising alternatives to ORR in alkaline conditions [4, 6, 7, 10, 23–25]. Cubic
structures such as spinel with formula AMn2O4 have been shown to be more catalyt­
ically active than their tetragonal counterparts as they have better affinity towards
oxygen adsorption as well as higher density of active sites [4, 23]. In this regard,
the ratio of Mn4+/Mn3+ ions has been found to be vital for the four­electron path­
way of ORR where higher catalytic activity has been attributed to larger amounts
of Mn3+ species. In addition, Jahn­Teller distortion is a well­known phenomenon in
manganese oxides, where the presence of one extra electron results in stretching
of the y­axis in MnO6 octahedra. This extra unpaired electron has been linked to
higher catalytic activity because of its ease of transfer [5, 15, 26, 27].

A commonly used spinel type manganese oxide in energy storage is cubic LiMn2O4
(LMO). In this crystal Mn exists as both Mn3+ and Mn4+ and has an average oxida­
tion state (OS) of 3.5+. These spinel­types are commonly used cathodes in Li­ion
batteries, but have been shown to be selective absorbents [28–30], useful catalysts
to the oxidation of methane and butane as well as good electrocatalysts for water
oxidation in photocatalytic systems [31, 32]. Additionally, LMO has been found to
increase proton conductivity of proton­conducting membranes (PEM) when used as
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a filler [30].
One interesting characteristic of spinel LMOs is the possibility of ion­exchange

by chemical de­lithiation in acidic media. Much like electrochemical Li extraction in
a Li­ion battery cathode, Li is removed from the crystal lattice while preserving its
structure, however, in this case protons are simultaneously inserted by exchange
with the acid [33–37]. Therefore, this is a two­step process with lithium extraction
as the result of a disproportionation reaction where Mn3+ turns into Mn2+ and Mn4+

(as proposed by Hunter [38]) and a reaction where Li+ and H+ ions are exchanged
[34, 35]. The result is a spinel crystal with overall stoichiometry H𝑧Li1−𝑥Mn2O4
(HLMO). This proton­exchanged LMO has been shown to improve catalytic activity
in methane and n­butane oxidation [31]. In addition, it has been shown that protons
can be thermally desorbed as H2 gas from HLMO to form a stable spinel phase up
to 200 °C [31].

The combination of these properties, e.g. tuneable Mn4+/Mn3+ ratio, Li+/H+

ion­exchange in acidic media, H+ recombination into H2, and their ability to act as
(electro­)catalysts together with their availability and low cost, make spinel HLMOs
an interesting alternative material as electrocatalyst for PEMFCs. The ionic sub­
stitution in an LMO structure induces local structural and electronic perturbations,
which can affect lithium and proton dynamics in the lattice due to changes in the
local magnetic fields experienced by the active sites. Thus, we hypothesize that
from the range of chemical compositions that can be obtained, a range of chemi­
cal and physical properties that have an effect on electrochemical performance can
also be obtained.

In catalysis, unpaired electron density transfer or induction to ligand orbitals
is information of interest as understanding electronic spin states in a metal cen­
tre is key to controlling them and therefore reaction mechanisms [39]. Changes
in local structure, structure of active sites and electron configuration are valu­
able molecular information that can aid the rational improvement of heterogeneous
(electro­)catalysts through structure­activity relationships [39–41]. Magnetic reso­
nance spectroscopic techniques such as NMR or EPR provide useful information in
this regard as chemical shifts (𝛿) and scalar J couplings provide enough information
to resolve complex structures. Nevertheless, when dealing with solid­state systems
obtaining this information becomes more difficult because of the presence of large
anisotropic interactions like dipolar couplings and chemical shift anisotropies, which
lead to a significant broadening of the signals. In solid­state NMR (ssNMR), magic
angle spinning (MAS) has been used to average the anisotropic broadening down
to zero so that spectra have narrower lines resembling more closely NMR in liquid
media [41, 42]. In heterogeneous (electro­)catalysis transition metals are com­
monly used due to the valency versatility discussed earlier, nevertheless, this makes
them paramagnetic in many instances. In techniques such as (ss­)NMR, the use of
paramagnetic nuclei complicates spectra interpretation further. NMR on paramag­
netic environments, those with unpaired electron spins, has long been considered
inconvenient due to signals so wide that useful information was hard to obtain
[39, 40]. However, the field of paramagnetic NMR has widely expanded in the
last few years as paramagnetic centres are common in many different applications,
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e.g. organometallic complexes, solid battery electrode materials, metalloproteins,
or pharmaceutical formulations, where characterization of structural and electronic
properties is essential to understanding the system [40]. An important property
of paramagnetic systems is that a hyperfine interaction between unpaired elec­
trons and the observed nucleus exists. This causes large paramagnetic shifts, shift
anisotropy (SA) and large broadening due to bulk magnetic susceptibility effects
[40]. As a consequence, the use of fast MAS, low magnetic fields and nuclei with
low gyromagnetic ratios has been key to recent developments in the area of elec­
trode materials for batteries, where paramagnetic NMR can be used to determine
the metal oxidation state, local environment as well as nuclei dynamics within a
structure[39]. In addition, the possibility to assess hyperfine shifts in paramagnetic
materials can help explain structure­activity relationships [41].

In this work we present a study of protonated spinel LiMn2O4 (HLMOs) that we
have prepared by chemical de­lithiation through titration with an acid. We have
varied the amount of acid added in order to obtain HLMOs with various compo­
sitions in the form of H𝑧Li1−𝑥Mn2O4. We aim to find out whether protonation of
a spinel LMO can improve their electrocatalytic activity to ORR and if so, how are
the crystal structure and electronic configuration of Mn centres related to it. We
have used several techniques to resolve the structure of the resulting materials and
gain some fundamental insight on the structure­activity relationships. For this, we
use a combination of Neutron Diffraction (ND) and solid­state NMR to characterize
proton insertion in cubic spinel HLMOs and get information about the electronic en­
vironment of Mn centres. In addition, we use electrochemical techniques to assess
HLMOs acitivity in acidic electrolyte. The combination of these techniques provides
unique information since neutrons are more sensitive to light elements than X­rays,
thus being an appropriate probe for protons in a structure. We have corroborated
proton insertion and resolved stoichiometry of our samples as a result from Rietveld
refinement of our ND data. Furthermore, proton/deuteron exchange was done in
our samples prior to ssNMR measurements as deuterium’s lower gyromagnetic ratio
offers better resolution and narrower lines which aids in spectral interpretation.

In short, we report a protonated spinel LMO (HLMO) in various compositions,
where an increasing amount of protons is related to a higher concentration of Mn3+

centres which is, in turn, related to improved electrocatalytic activity towards ORR.
From our results we hypothesize that higher amounts of high­spin Mn3+ exist as
a result of protonation and that improved electrocatalytic activity is a result of a
synergistic effect between H+ and Mn3+ ions. Furthermore, and to the best of our
knowledge, we report on the signature 2H resonances of crystal protons in a spinel
structure.

4.2. Experimental
4.2.1. Synthesis of Li1+𝛿Mn2−𝛿O4 (LMOd)
Three different spinel types with the form Li1+𝛿Mn2−𝛿O4 were prepared by a solid
state reaction as detailed in [43]. Shortly, LiOH⋅H2O (Merck) and Mn(CH3COO)2⋅4H2O
(Fluka) were mixed in an appropriate molar ratio of Li:Mn so as to obtain spinel types
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Li1Mn2O4 (LMOd0), Li1.1Mn1.9O4 (LMOd01) and Li1.3Mn1.7O4 (LMOd03). The solid
reactants dissolve in their own crystal water when heated to 100 °C under constant
stirring. The resulting slurries were dried up at 110 °C in an oven for 5 h and
subjected to two calcination steps afterwards. In the first step, all samples were
calcinated at 500 °C for 5 h. In the second step, the samples were calcinated for
10 h at different temperatures depending on the 𝛿 value, i.e. 700 °C, 600 °C and
500 °C for 𝛿 = 0, 0.1 and 0.3, respectively. All samples were ground with mortar
and pestle after each calcination step, while the final powders were ball­milled at
750 rpm for 30 min in 2 cycles of 15 min with opposing directions. In table 4.1, an
overview of the starting materials is shown.

Table 4.1: Starting materials.

𝛿 value Stoichiometry Short name
0 Li1Mn2O4 LMOd0
0.1 Li1.1Mn1.9O4 LMOd01
0.3 Li1.3Mn1.7O4 LMOd03

4.2.2. De­lithiation/Protonation
All spinel types were chemically delithiated by two different processes. Initially, the
3 samples were leached in an acid solution in order to obtain reference samples
of very low Li content, yielding H𝑧Li1−𝑥+𝛿Mn2−𝛿O4 (HLMO­l) spinel types. Leaching
was done by mixing 4 g LMOd in 75 ml 5% HCl for 24 h under constant stirring
at room temperature. The amount of solution was chosen to be at least twice
the stoichiometric protons necessary to achieve complete de­lithiation following
equation 5.1:

2𝐿𝑖𝑀𝑛2𝑂4 + 4𝐻+ → 2𝐿𝑖+ +𝑀𝑛2+ + 3𝜆 −𝑀𝑛𝑂2 + 2𝐻2𝑂 (4.1)

The resulting samples were vacuum filtered and washed several times with dem­
ineralized water and finally dried in a vacuum oven at different temperatures for at
least 24 h. In order to study spinel phase stability at higher temperatures, as would
be required in PEMFC, different drying temperatures were studied, namely 55 °C,
90 °C, 150 °C and 190 °C. In table 4.2, an overview of the reference samples used
for temperature studies.

Table 4.2: Reference samples used for temperature studies.

Starting materials T drying, °C Short names
LMOd0 55, 90, 150, 190 LMOd0­55, LMOd0­90, LMOd0­150, LMOd0­190
LMOd01 55, 90, 150, 190 LMOd01­55, LMOd01­90, LMOd01­150, LMOd01­190
LMOd03 55, 90, 150, 190 LMOd03­55, LMOd03­90, LMOd03­150, LMOd03­190

On a second stage, the initial LMOd samples were titrated with H2SO4 1 M with
different volumes of acid in order to obtain HLMOs with varying compositions for
each 𝛿 value. The titrations were done using a Metrohm DMS Titrino 716 titrator.
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The samples were prepared by mixing 4 g of each LMOd with 75 ml demineralized
water followed by titration under constant stirring. The titration rate was 0.04 ml
⋅min−1 and the amounts of acid added were 1.4 ml, 12 ml and 18 ml for LMOd0 and
6 ml and 18 ml for LMOd01 and LMOd03. The added acid volumes were chosen
from a calibration curve so that spinels in different phases and compositions would
result. The pH of the solution was monitored during titration vs. an Ag/AgCl (3 M
KCl) electrode. All samples were vacuum filtered and washed several times with
demineralized water and finally dried in a vacuum oven at 55 °C for at least 24 h.
Table 4.3 shows a summary of nomenclature used for these samples based on the
Li content found from ICP measurements.

Table 4.3: Details of de­lithiated samples from titration and immersion and nomenclature used.

𝛿 value Sample V acid, ml Li content Short name

0

HLMOd0 1 1.4 0.99 HLMOd0­099
HLMOd0 2 12 0.58 HLMOd0­058
HLMOd0 3 18 0.29 HLMOd0­029
HLMOd0 41 NA 0.13 HLMOd0­013L

0.1
HLMOd01 1 12 0.87 HLMOd01­087
HLMOd01 2 18 0.35 HLMOd01­035

0.3
HLMOd03 1 12 0.98 HLMOd03­098
HLMOd03 2 18 0.32 HLMOd03­032

4.2.3. Deuteration
A sample of HLMOd0­029 was washed several times with D2O (99%, Sigma Aldrich).
In short, 100 mg were sonicated in 5 mL of D2O for 30 min and centrifuged 3 times
at 7000 rpm. The resulting slurry was dried at 90 °C in a vacuum oven.

Alternatively, fresh samples were prepared where ion exchange of D/Li+ was
done instead of H+/Li+ by leaching 500 mg of LMOd in 5 mL of D2SO4 1 M for 24 h.
All 𝛿 values were exchanged with deuterons so as to obtain samples DLMOd0­90,
DLMOd01­90 and DLMOd03­90, respectively. The resulting slurries were vacuum
filtered and centrifuged several times with heavy water at 7000 rpm and finally
dried in a vacuum oven at 90 °C for at least 24 h.

Finally, a set of titrated LMOs from LMOd0 was also prepared by titration with
D2SO4 1 M (prepared by diluting D2SO4 99%, Sigma Aldrich in D2O) under Argon.
Two titration points were chosen as follows: for 2 g LMOd0 in 35 ml of D2O, 6
and 9 mL of heavy acid were added at a rate 0.02 ml/min. The samples were
centrifuged with 5 mL of heavy water 3 times. After each centrifuge cycle, the
remaining water was collected, fresh heavy water was added and sonicated for 5
min before centrifuging again. In table 4.4, a summary of deuterated samples is
shown.

1Samples that were leached in solution as described in the previous section.
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Table 4.4: Deuterated samples.

𝛿 value Method Short name
0 Leaching in solution DLMOd0­007L

0 Titration DLMOd0­040
Titration DLMOd0­009

0 HLMOd0­029 washed with D2 O DLMOd0­029­w

4.2.4. XRD, SEM and ICP measurements
The samples were analysed by XRD with a Bruker D8 ADVANCE diffractometer
(Co K𝛼, 𝜆 = 0.1789 nm) and the SEM micrographs were obtained using a JEOL
JSM−6010 LA with a standard beam potential of 5 kV. Lithium and manganese
content were analysed by ICP­OES using a Perkin Elmer Optima 5300DV instrument.

4.2.5. Neutron Diffraction
Subtle changes in structure and composition are expected in the de­lithiated spinel
types as Li+ ions are extracted and H+ are inserted. Neutrons are more sensitive
to light elements, such as H, in comparison to X­rays. Thus, as hydrogen coherent
cross­section is significantly different (negative) from that of O and Mn (positive),
neutron diffraction was used in order to verify proton insertion in the structures and
quantify their composition. Neutron experiments were performed in the PEARL neu­
tron powder diffractometer at the research reactor of Delft University of Technology,
using the (533) reflection of the germanium monochromator (1.667 Å). A whole set
of samples was measured at room temperature, i.e. HLMOd0 series (HLMOD0­099,
HLMOd0­058, HLMOd0­029 and HLMOd0­013L) in order to study the progression
of proton insertion with de­lithiation. Furthermore, final states of titrated sam­
ples with different 𝛿 values were also measured, i.e. HLMOd0­029, HLMOd01­035
and HLMOd03­032. The de­lithiated sample from 𝛿=0.1, HLMOd01­035, was also
measured at low temperature, i.e. T = 165 K. Rietveld refinement fittings were
done using GSAS [44, 45]. Atomic and lattice parameters were fit together with
line broadening parameters (particle size and strain) as well as the background of
the measurements. All refinements resulted in residuals R𝑤𝑝 < 10%. In order to
determine the proton positions, the differences between observed and calculated
structure factor were obtained. Fourier density maps were obtained from the struc­
ture factors for the most de­lithiated sample, i.e. HLMOd0­013L. The H positions
found from this calculation were used as input for Rietveld refinement upon addition
of an H atom to the crystal lattice. The resulting refinement improved by 1­2%. All
drawings of crystals and maps were done using free software VESTA [46].

4.2.6. Solid­state NMR
Solid­state NMR measurements were performed using a Bruker Ascend wide­bore
500 MHz (11.7 T) magnet equipped with a NEO console. Two channel 3.2 and
1.9 mm probeheads from Bruker were used for the measurements. The operating
frequencies for 6Li, 1H and 2H were 73.60 MHz, 500.13 MHz and 76.773 MHz re­
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spectively, and all measurements were performed within a spinning speed range of
20 ­ 38 kHz and 𝜋/2 pulse lengths of 4.5 𝜇s, 2.5 𝜇s and 3.3 𝜇s were determined
for 6Li, 1H and 2H, respectively. The chemical shifts of 6Li spectra were referenced
with respect to a 0.1 M LiCl solution, and those of 1H and 2H spectra against H2O
and D2O, respectively. Based on the spin­lattice (T1) relaxation time, recycle delays
of 0.2 s were used, collecting between 128 and 11,264 scans for each sample. A
spin­echo pulse sequence (90°­ 𝜏 ­ 180°­ 𝜏 ­ aq, where 𝜏 is an integer multiple of
the rotor period) was used to collect data for 6Li and2H nuclei, while a single pulse
was used for 1H measurements (see appendix 4.A).

4.2.7. Electrochemical tests
The HLMOs were tested in a three­electrode electrochemical cell using the rotating
disk electrode technique(RDE) with a 5 mm glassy carbon disk (PINE Instruments)
and an Autolab potentiostat. The working electrode was prepared by coating the
glassy carbon electrode (0.196 cm2) with an ink of the active material. The ink
consisted of 4 mg HLMO, 2 mg Vulcan XC­72R and 4.56 𝜇L Nafion™(solution at
5 wt.%) dispersed in 12 mL IPA by sonication for 30 minutes. Finally, a 13 𝜇L
aliquot was deposited onto the glassy carbon and left to dry at room temperature
inside a fume hood. A Pt wire was used as counter electrode and all measurements
were taken against a RHE electrode in 0.1 M HClO4 electrolyte. The electrolyte
was purged with either argon or oxygen for 30 min prior to any experiment. Cyclic
voltammetry (CV) measurements were recorded at a scan rate of 50 mV ⋅s−1 and
linear sweep voltammograms (LSV) were taken in the cathodic direction at 5 mV⋅
s−1 at 1600 rpm and materials were compared based on ORR onset potential.

4.3. Results
The crystal structure of the Li1+𝛿Mn2−𝛿O4 synthesized was verified by XRD as a
spinel type, whereas expected stoichiometry was verified by ICP (See Appendix
4.B).

4.3.1. Leaching in acid solution and temperature stability
of crystal structure

Reaction rates increase with temperature, which is why it is desirable to operate
fuel cells at temperatures that generate the fastest output charge without damag­
ing the materials and components. Currently, the limiting material is the polymer
membrane (Nafion®) that cannot withhold temperatures higher than 100 °C. As a
consequence, PEMFCs operate at mild temperatures, between 80 – 90 °C, which
makes it necessary that all materials be stable at this temperature. We confirmed
by XRD (see Appendix 4.B) that all leached materials, i.e. different 𝛿 values in an
HCl solution (5%), retain the spinel crystal structure. To study structure stability at
higher temperatures, all resulting slurries were dried in a vacuum oven at temper­
atures from 55 to 190 °C for 24 h, including a leached commercial sub­micron LMO
as reference (HLMO­com). In general, all samples retain the spinel type crystal
structure up to 150 °C, whereas at 190 °C we see a significant loss of crystallinity
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(See Appendix 4.C). Lithium content of leached samples as obtained from ICP mea­
surements are given in table 4.3.

4.3.2. Controlled ion­exchange (Li+/H+) by titration
We prepared spinels of different compositions by titration with different amounts
of acid. Titration curves of all 𝛿 values are shown in Appendix 4.D and a summary
of all prepared samples is shown in 4.3. For simplicity, sample short names will be
used from here on.

X­ray diffractograms for all de­lithiated samples at all 𝛿 values are shown in
figure 4.1. Li extraction is associated with the oxidation process of Mn as Mn3+

undergoes a disproportionation reaction to give Mn2+aq and Mn4+, according to
equation 5.1.

Figure 4.1: X­ray diffractograms of de­lithiated samples (a) HLMOd0 (𝛿 = 0); (b) HLMOd01 (𝛿 = 0.1);
(c) HLMOd03 (𝛿 = 0.3); (d) Lattice parameter, a0 calculated from reflection (111).

Diffractograms on leached samples confirm that the spinel structure is retained
as Li+ extraction proceeds. Extraction of Li+ ions from 8a sites is known to induce a
decrease in the a lattice parameter [47], which can be confirmed by a shift in reflec­
tions to higher 2𝜃 degrees. Figure 4.1b shows the change in the a lattice parameter
with Li composition as calculated from the shift in reflection (111). In general, Li
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extraction seems to occur more readily at lower 𝛿 values, i.e. when there is no Li+
substitution in 16d sites. Furthermore, as Li+ content decreases and H+ insertion
is presumably increasing, we see a loss of crystallinity as indicated by peak broad­
ening, most visible in (220), (222) and (511) reflections, along with a decrease in
intensity and a shift to lower interplanar distances, d, (or higher 2𝜃) meaning a
contraction of the unit cell (2.7%). Bach et al [47] studied electrochemical pro­
tonation of LMOs and also observed peak broadening as concentration of protons
increased in the unit cell. In our case, the most notable change is broadening of the
aforementioned reflections, as well as peak splitting in reflections (220) and (222).
This can be due to inhomogeneous de­lithiation resulting in different spinel types
with slightly different compositions and lattice parameters. At the same time, this
effect is more prominent as more Li+ is extracted and more protons presumably
inserted. According to our results and those of Bach et al., peak splitting has been
observed when protons were inserted and could be used as an indirect measure of
proton insertion. Nevertheless, peak splitting has also been observed for LiMn2O4
at low lithium content in electrochemical cells, due to two coexisting spinel phases
with different lattice parameters [48–50].

In Appendix 4.E, SEM micrographs of powders before and after de­lithiation by
titration for LMOd0 are shown. The most notable difference is an apparent change
in particle size after leaching and apparent increased porosity, which ultimately may
increase catalytic activity.

4.3.3. Structure and composition analysis by neutron
diffraction

As neutrons are more sensitive to light elements such as hydrogen, neutron diffrac­
tion was used to verify proton insertion in the crystal lattice. The 𝛿=0 series of
de­lithiated samples, i.e. from stoichiometric LMO, was measured at room temper­
ature as well as the most de­lithiated titration points of starting materials with 𝛿 =
0.1 and 0.3. Appendix 4.F shows the resulting diffractograms of series HLMOd0,
HLMOd0­099, HLMOd0­58, HLMOd0­029 and HLMOd0­013L. Results from Rietveld
refinement of diffraction patterns are shown in figure 4.2.

Initial fittings with a spinel LMO CIF filie were done assuming no protons or
Li atoms were present in the lattice, thus only the Mn­O framework was consid­
ered. Results are shown in figure 4.2a, where an R𝑤𝑝 = 0.08 was obtained. In
order to find missing elements, scattering length density differences were calcu­
lated from the observed versus calculated intensities using GSAS software. The
resulting Fourier maps are shown in figures 4.2c and 4.2d. Scattering length den­
sity is missing at the tetrahedral positions where Li8𝑎 is expected. However, there is
also density missing in positions surrounding the centre of the tetrahedra (8a posi­
tion) and oriented towards the oxygen corners (32e positions). In total there are 12
distinguishable spots around each 8a position whose coordinates were introduced
in the next fitting cycle when inserting H atoms into the model structure. The new
fitting converged to R𝑤𝑝 = 0.07 (figure 4.2b) with the new coordinates correspond­
ing to 96g positions. In addition, the resulting ­O−H bond length is ~1.2 Å which is
in good agreement with values found in literature of ~1.1 Å, [51]. R𝑤𝑝 values < 0.1
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Figure 4.2: Neutron diffraction fittings (a) before including Li and H atoms, and (b) after including them.
(c) Fourier map of calculated missing intensity in the unit cell. (d) 2D Fourier map from a slice taken at
­1.6.

are considered good fits, however, it is noteworthy that our refinements have been
performed with as few variables as possible. From ND and XRD diffractograms we
see that there is line broadening and peak splitting in some reflections (511) and
(222) in XRD measurements) as ion­exchange progresses further. This is due to in­
homogeneous de­lithiation which results in a distribution of crystallites with slightly
different compositions. For simplicity, we have considered only one spinel phase
which yields a good fit with a relatively low amount of variables. Indeed, when
smaller amounts of Li are removed from the lattice, refinements result in lower R𝑤𝑝
values (i.e. <5%).

The position where scattering density was missing around tetrahedral centres is
known to be a preferential site for protons in spinel crystals [47, 51–55]. Therefore,
these results confirm that protonation has taken place in the spinel structure and the
structure is shown in figure 4.3. The resulting compositions of protonated spinel­
types are shown in table 4.5 and all raw data and refinements as well as a summary
of all results can be found in Appendix 4.F.
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Table 4.5: Final stoichiometry with H content of de­lithiated HLMOd0.

Sample Stoichiometry
HLMOd0 LiMn2O4
HLMO­099 (H0.02)Li0.99Mn2O4
HLMO­029 (H0.36)Li0.29Mn2O4
HLMO­013L (H0.68)Li0.13Mn2O4

Figure 4.3: Final spinel HLMO crystal structure.

In general, we find that proton insertion is minimal at Li+ content > 0.6. Most of
it occurs at Li+ content < 0.3 with onset of the exponential trend below Li+ content
< 0.1. Proton insertion as a function of Li+ content follows equation 4.2 (see figure
4.4a and b). These results can also be correlated to the titration curves, where
two plateaus can be observed (see Appendix 4.D). The first plateau, at pH ~3 ­
4, coincides with low H+ insertion but large amounts of Li+ have been extracted
(~40%). On the other hand, the second plateau, at pH ~2 ­ 3 coincides with H+

insertion take­off.

[𝐻+] = −0.35405𝑙𝑛([𝐿𝑖+] + 0.00963) (4.2)

Furthermore, de­lithiation/protonation results in shortening of the lattice param­
eter of max. 2.0% by titration and 2.5% by leaching in solution. Furthermore, no
strain was found to happen by either process (see Appendix 4.F). In general, leach­
ing with an acid also results in reduced crystallite sizes as seen in figure 4.4c. There
was a considerable decrease of ~60% resulting in crystals of ~10 nm when leach­
ing with H2SO4 1 M. Contrastingly, there was only ~18 % reduction in crystallite
size to ~21 nm when leaching with HCl 5 % for 24 h even though larger amounts of
Li+ were extracted with this method. Sulfuric acid is a stronger acid, thus attacking
the surface of the crystals more aggressively which can also be seen in the SEM
micrographs in Appendix 4.E where smaller particles and apparent higher porosity
are visible. Even though sulfuric acid is more aggressive, larger surface area is a
desired property in catalytic materials.
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Figure 4.4: ND analysis. (a) H+ content vs. Li+ content; (b) Li+ and H+ content vs. acid added; (c)
Lattice parameter, a vs. Li+ content; and, (d) Average crystallite size vs. acid added.

4.3.4. Chemical shift of protonated LMOs
De­lithiation/proton insertion was monitored with solid state NMR. Figure 4.5 shows
the results for 6Li spectra obtained with one pulse sequences as described in the
Methods section. Centre bands are indicated with an inverted triangle, while side­
bands are marked with a star. The main Li signal was found at ~520 ppm in
standard LMO and it is associated with Li in 8a positions as the site with highest
occupancy from ND refinements. This result is also in agreement with literature
values for Li in 8a positions [56, 57].

However, there is a less intense resonance at ~600 ppm that seems to shift
downfield and increase intensity with de­lithiation/protonation. This resonance has
been attributed before to Li atoms in the 16c positions [57]. We observe that
as ion exchange proceeds, the resonances of Li8𝑎 and Li16𝑐 shift downfield as a
new resonance at ~790 ppm develops. This new resonance has been attributed
in other studies to Li atoms in 16d positions [42]. The evolution of chemical
shift with de­lithiation of each site is presented in figure 4.6. It is noteworthy
that in sample HLMO­058 which corresponds to the transition region in the de­
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a b

Figure 4.5: 6Li solid­state NMR of (a) protonated samples (▼ 8a, ▽ 16c, ◇ 16d) and (b) Comparison
of Li1Mn2O4 with Li in 8a position vs. Li1.3Mn1.7O4 with 8a positions full and excess Li in 16d positions
replacing Mn octahedral centres.

lithiation/protonation reaction only presents one resonance at the 16c position. Li8𝑎
and Li16𝑑 seem to be barely occupied in this region.

Figure 4.6: 6Li solid­state NMR: Chemical Shift at each Wyckoff site vs. Li loss.

On the other hand, protonation was monitored during de­lithiation by 2H NMR.
Deuteron is chosen to probe proton insertion into our material because of spectro­
scopic advantages of using low gyromagnetic ratio nuclei to observe paramagnetic
lattices [58]. Deuterated samples analogous to their protonated counter­parts were
prepared following the same protocols but using 1 M D2SO4 instead. The final sam­
ples are shown in table 4.6.

Figure 4.7a shows a typical 2H spectra taken with a Hahn­echo pulse sequence
for sample DLMOd0­007L. In general, we observe a wide signal (~4000 ppm) in
itself suggesting deuteron insertion. Proton spectra are typically ~40 kHz in a static
measurement of a solid sample. This is due to strong dipolar coupling interactions

2Per 2 g starting LMO.
3Prepared in solution.
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Table 4.6: Stoichiometry of deuterated samples.

Sample V acid2, ml Li content Short name
DLMOd0 1 6 0.404 DLMOd0­040
DLMOd0 2 9 0.089 DLMOd0­009
DLMOd0 33 NA 0.077 DLMOd0­007L

resulting from 1H spins [41]. Broad lines are worsened by the paramagnetic envi­
ronment due to Mn centers creating a hyperfine interaction between its unpaired
electrons and 1H nuclei, which in turn creates large chemical shifts, shift anisotropy
and large broadening due to bulk magnetic susceptibility [40]. Even though pro­
tons/deuterons in paramagnetic environments are hard to resolve, we were able to
observe 3 different environments, e.g. 4.69 ppm, ~65 ppm and ~350 ppm (see Ap­
pendix 4.G). Deuterons in a diamagnetic environment are expected at higher fields,
i.e. 4.69 ppm and ~65 ppm, that can be attributed to residual 2H (from solution,
washing, etc), i.e. non­lattice accumulation [58]. The resonance at 4.69 ppm has
been assigned to adsorbed D2O and all spectra were referenced against this value.
The next resonance, i.e. ~65 ppm, has been assigned to chemisorbed ­OD by
a simple H/D exchange experiment (see Appendix 4.Gb). Finally, deuterons in a
paramagnetic environment are indicative of lattice 2H. Paramagnetic resonances
are expected to have a large chemical shift towards lower fields mainly due to
Fermi­contact interactions resulting from larger hyperfine coupling which is directly
related to the magnetic susceptibility of the material (this will be detailed further in
the next section). According to findings in similar materials, e.g. layered Li2MnO3,
where lattice protons/deuterons were found at a large chemical shift of ~290­380
ppm [58], we expect to find the lattice ­96g 2H at a similarly large chemical shift .

Figure 4.7: 2H solid­state NMR of DLMO­007L at different MAS rates.

Other than the low chemical shift resonances and their sidebands, we observe
another resonance and its sideband at ~350 ppm and ~800 ppm (highlighted bands
in figure 4.7a inset, referred to as p3a and p3b, respectively). To elucidate which
of the two is the centre band, spectra at different MAS rates were recorded and
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the chemical shift of those two resonances was compared. Figure 4.7b shows the
chemical shift of these two resonances as a function of MAS rate. From this we have
determined the centre band to be that at ~341.6 ± 10.9 ppm as it is the resonance
with the least variability –the resonance at lower field increases monotonically with
MAS rate, thus it is a sideband.

Deuterium spectra for samples with different composition are shown in figure
4.8a. Based on the H+ to Li+ content correlation found in the previous section by
neutron diffraction, we have estimated the proton/deuteron fraction in our deuter­
ated samples (see equation 4.2). In figure 4.8b, the change of chemical shift with
proton content is presented. In general, the more hydrogen bonding there is, the
further downfield a resonance is found [59]. As Li atoms are removed from the
lattice and replaced by H atoms, electron density is lost resulting in deshielded H
nuclei whose resonance move further downfield as more bonds are created.

Figure 4.8: 2H solid­state NMR of samples with different compositions (left); and 2H chemical shift vs.
H+ fraction (right).

4.3.5. Electrochemical performance of HLMOs
electrocatalysts for ORR in acidic media

Cyclic voltammograms of HLMOs with different proton content in acid media (HClO4
1 M) are shown in figure 4.9, left panel. In general, the more protons in the mate­
rial, the higher the reduction current when cycled in oxygen­saturated electrolyte
(red curves). Rotating­disk electrode measurements at a rotation speed of 1600
rpm in oxygen saturation were done in order to estimate the onset potential to
oxygen reduction. In the bottom right panel of figure 4.9, the variation of onset
potential, V𝑜𝑛𝑠𝑒𝑡,𝑂𝑅𝑅, with Li content is presented. Even though there are large
overpotentials (V𝑂𝑅𝑅,𝑖𝑑𝑒𝑎𝑙 = 1.23 V), electrocatalytic activity to ORR increases with
proton content, suggesting a synergistic effect between Mn centers and proton­
aided charge transfer to oxygen reduction intermediates.
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Figure 4.9: Electrochemistry results:(a) HLMOd0­013L electrode on GDL in Ar vs. O2; (b) RDE HSVs of
bare glassy carbon electrode vs. pure HLMOd0­029 vs. HLMOd0­029/Vulcan vs. JM Pt/C in O2 saturated
electrolyte @ 1600 rpm ; (c) normalized HSVs of samples with different compositions in O2 saturated
electrolyte @ 1600 rpm; (d) ORR onset potential estimations.

4.4. Discussion

We have prepared a range of protonated spinel LMOs, referred to as HLMOs, with
varying Li+ and H+ content. Lithium to proton ion­exchange was done by chemical
leaching with an acid and the final composition, i.e proton and lithium content,
can be tuned by the amount of titrant added. Volume vs. pH (chemical potential)
titration curves showed a 2­plateau curve suggesting ion­exchange occurs in two
steps. In the first plateau (low potential vs. Ag/AgCl), the dominant process is Li
extraction. This reaction is predominant down to Li+ content = ~0.6 . There is a
transition region between 0.6 > Li+ content > 0.3 where both, Li+ extraction and H+

insertion occurs at the same time, and finally a second plateau at higher potential
where H+ insertion takes off (at Li+ < ~0.3). The reactions are shown in equations
4.3.
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𝐿𝑖𝑀𝑛2𝑂4 + 4𝑦𝐻+ → 𝑥𝐿𝑖1−𝑥𝑀𝑛2𝑂4 + 2𝑦𝐿𝑖+ + 𝑦𝑀𝑛2+ + 2𝑦𝐻2𝑂 1 > 𝐿𝑖+ > 0.6
0 < 𝐻+ < 0.2

𝑉 ≃ −0.1732𝑉 ± 29.5 𝑚𝑉 𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙

𝐿𝑖1−𝑥𝑀𝑛2𝑂4 + 𝑧𝐻+ → 𝐻𝑧𝐿𝑖1−𝑥𝑀𝑛2𝑂4 0.3 > 𝐿𝑖+ >∼ 0.07
0.35 < 𝐻+

𝑉 ≃ −0.1142𝑉 ± 29.5 𝑚𝑉 𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙
(4.3)

Leaching with acid also causes some morphology changes in the resulting pow­
ders such as smaller particle size and smaller crystals. Ultimately, this is a desired
characteristic in (electro­)catalysts as activity is directly correlated to surface area.
In general, ion exchange is linearly correlated to smaller crystallites and lattice pa­
rameter, a.

We have used a combination of neutron diffraction and solid­state NMR in order
to characterize the proton insertion in spinel LMOs. Neutron diffraction measure­
ments have confirmed the ion­exchange reaction and we have been able to locate
structural protons in the spinel lattice at the 96g site (in Wyckoff notation). In this
position, protons surround a tetrahedral 8a site and are oriented towards the cor­
ners of the tetrahedron where the oxygen atoms reside. Ion­exchange results in a
linear decrease of the lattice parameter from 8.24 Å in LMO to 8.02 Å in HLMO­013L.
Resulting compositions estimated by ND have shown that most of proton insertion
occurs at pH < 3 where proton content starts to increase exponentially following
equation 4.2. Furthermore, we did not observe any strain inflicted on the materials
by treatment with acid, and the resulting O—H bond length was 1.1 Å, which is in
agreement with values found in the literature [51] and measured by us in a different
study (see Chapter 5). Furthermore, we have identified in proton/deuterium solid­
state NMR three signature resonances in spinel (D)HLMOs. Two diamagnetic res­
onances that have been assigned to adsorbed water and chemisorbed ­OH groups
and an extra paramagnetic resonance at a large chemical shift. This resonance at
~341 ppm was assigned to structural protons in the spinel structure, i.e. protons
in the 96g site. This large chemical shift is the result of the paramagnetic nature
of LMO due to its unpaired electrons in Mn3+ and Mn4+ ions. An estimation of
Mn average oxidation state (OS) can be done from the resulting compositions ob­
tained by ND experiments. The resulting values are in agreement with those found
for samples similar to HLMOd0­013 and HLMOd0­029 by X­ray absorption spec­
troscopy in a different work (see Chapter 5 and Appendix 4.H. It has been previously
shown that Li8𝑎 chemical shift increases linearly with increasing oxidation state be­
low 3.7+ in spinel manganese oxides [56], which is in agreement with our results.
However, on closer inspection of all our samples, Mn OS reaches a maximum and
starts to decrease again as chemical shift keeps increasing (see figure 4.10). This
phenomenon can be understood by considering the origin of chemical shift in para­
magnetic materials. NMR spectra of paramagnetic materials are mainly dominated
by two interactions: dipolar interactions and Fermi­contact. The first one related
to the interaction between the nuclear and electronic moments, and the latter is a
through­bond interaction related to the transfer of unpaired spin density from the
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paramagnetic nucleus to the s orbitals of the Li atoms [40, 56]. In spinel man­
ganese oxides Fermi­contact interactions are predominant in the resulting chemical
shift. The isotropic part of this interaction can be written as 𝐻𝑐 = 𝐼𝑧𝐴𝑠 < 𝑆𝑧 >, where
𝐴𝑠 is the electron–nuclear hyperfine coupling constant and < 𝑆𝑧 > is the thermally
averaged value of the paramagnetic spin. 𝐴𝑠 is a measure of the transferred spin
density from Mn t2g and e𝑔 orbitals to the lithium s orbitals. On the other hand,
< 𝑆𝑧 > is proportional to 𝜒𝐵0 where 𝜒 is the magnetic susceptibility and 𝐵0 the mag­
netic field [40, 42, 56]. In spinel LMOs the magnetic susceptibility, 𝜒, decreases
as oxidation state increases from 3.5+ to 4+. This can be understood by look­
ing at the spin­only magnetic moments of both ions where 𝜇𝑆𝑂,𝑀𝑛4+ = 3.873𝜇𝐵 <
𝜇𝑆𝑂,𝑀𝑛3+ = 4.899𝜇𝐵. The ratio between Mn4+/Mn3+ ions increases as oxidation state
takes values closer to 4+ in which state less unpaired electrons exist. When the
Mn4+/Mn3+ ratio increases, the average magnetic moment per atom, and thus the
magnetic susceptibility, both decrease with the decrease of unpaired electron den­
sity. On the other hand, 𝐴𝑠 is affected by Mn oxidation state through overlapping
of the lithium s orbitals with Mn t2g and e𝑔 orbitals. In figure 4.4 we saw that
the lattice parameter, a, decreases linearly with Li extraction and therefore with
increasing Mn OS. As the bond lengths are shortened, the overlapping between Li
and Mn s and d orbitals increases making 𝐴𝑠 magnitude larger. Thus, there are two
opposing effects that cause the change in Fermi­contact shift with Mn OS, namely
the decrease of < 𝑆𝑧 > due to lower magnetic susceptibility and the increase in 𝐴𝑠
due to larger overlapping of Li s and Mn d orbitals. Thus, the magnitude and sign
of the chemical shift is determined by 𝐴𝑠 in this case as other studies have asserted
before [56]. We have found that indeed Li chemical shift at all sites, i.e. 8a, 16c
and 16d, increases with increasing Mn OS when Li content > 0.29. However, at
lower Li content, i.e. 0.13, oxidation state decreases while chemical shift keeps
increasing (except for Li 16d). This inflection in the trend suggests that 𝐴𝑠 is no
longer the determining factor of the chemical shift but that the magnetic suscepti­
bility is playing a bigger role. If the oxidation states lowers, it follows that so does
the hyperfine coupling, nevertheless, depending on which Li site, their resonance
continues to shift to higher or lower values. As 𝐴𝑠 continues to increase due to
a lower lattice parameter even in samples with the smallest Li amount, it follows
that the magnetic susceptibility is responsible for this change. In Li8𝑎 and Li16𝑑,
resonances are shifting downfield meaning a higher magnetic susceptibility. This in
turn means that amount of Mn3+ ions is increasing at Li content < 0.29. This inflec­
tion points correlates well with ND proton insertion take­off and the second plateau
of the titration curve, strongly suggesting that the phenomenon happening in the
second plateau is proton insertion accompanied by an increase in the concentration
of Mn3+ ions.

On the other hand, Mn3+ ions can have either high­ or low­spin states, eg. 3d t32𝑔
e1𝑔 or 3d t

4
2𝑔 e

0
𝑔, respectively (see figure 4.11). The spin­only magnetic moment is

related to the number of unpaired electrons (n) by √(𝑛(𝑛+2)), thus 𝜇𝑆𝑂 = 4.899𝜇𝐵
for Mn3+ high­spin and 𝜇𝑆𝑂 = 2.828𝜇𝐵 for Mn3+ low­spin. In figure 4.10, Li8𝑎 and
Li16𝑐 resonances shift further downfield even when Mn OS decreased. 𝐴𝑠 influence
keeps increasing as the lattice parameter for HLMOd0­013L is smaller resulting in
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Figure 4.10: Mn OS change with 6Li chemical shift: (a) Li8𝑎, (b) Li16𝑐, (c) Li16𝑑.

more overlapping of Li and Mn s and d orbitals, therefore this shift must be the result
of an increase in the magnetic susceptibility, and thus the magnetic moment, of the
neighbouring paramagnetic nucleus. This shift at these two specific site suggests
that Mn3+ high­spin exists in our samples and is mostly located around remaining
Li atoms in the samples at the 8a positions and those that have migrated to the
interstitial 16c sites. On the other hand, Li atoms that have migrated to vacant 16d
sites do not seem to affect the spin state of the neighbouring Mn atoms as chemical
shift decreases again with decreasing Mn OS.

Further insight can be gained by inspection of manganese average oxidation
state against Li+ and H+ content for our samples as shown in figure 4.12. In gen­
eral, oxidation state lowers as more protons are inserted thus decreasing the ratio
of Mn4+/Mn3+ ions. As previously discussed, more Mn3+ ions in a high­spin state
would create a larger fermi­contact shift, deshielding protons further. This sug­
gests that proton insertion aids in the formation of high­spin Mn3+ centres neigh­
bouring 96g sites. Proton/deuteron and lithium NMR results suggests that proton
insertion together with Li extraction aid in the formation of more high­spin Mn3+

species. High­spin states of Mn3+ ions have been identified in previous studies as
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Figure 4.11: (left)Mn3+ high­spin (low splitting energy, Δ0) and low­spin (high splitting energy, 𝛿𝐸0)
electronic configuration, and (right) Mn4+ electronic configuration.

the catalytically active species owing to their loosely bound electron in the 𝑒𝑔 orbital
[26, 27, 60]. However, more research on the magnetic susceptibility of our samples
is necessary in order to find out the actual spin­states but the present results give
strong suggestions for the formation of high­spin states.

Figure 4.12: Li+ and H+ content (bars, left axis) and estimated Mn average oxidation state (right axis).

To support this hypothesis, electrochemistry results show that electrocatalytic
activity to ORR, as evaluated by ORR onset potential, increases as larger amounts
of protons are inserted in the spinel structure. In figure 4.13, it is interesting to
notice that electrocatalytic activity also increases with the initial increase of Mn
oxidation state up to Li+ content = 0.29 and H+ content =0.4. After this point,
Mn oxidation state starts to decrease again. In our most protonated sample that
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was measured for catalytic activity, i.e. HLMO­029, oxidation state indicates that
the ratio of Mn3+/Mn4+ favours Mn4+ species. A simple charge balance analysis
from estimations of Mn oxidation states show that up to Li+ content = 0.3, Mn
oxidation state increases as mostly positive charges are removed from the crystal
lattice, whereas below this point Mn oxidation state starts to decrease when posi­
tive charges accumulate from proton insertion. However, it is interesting to notice
that stoichiometric, non­protonated LMO has the largest amount of Mn3+ ions (Mn
oxidation state = 3.5+) but the lowest electrocatalytic activity with a loss of ~120
mV (vs. RHE) in comparison to HLMO­029 where Mn has an oxidation state of
3.66 ± 0.0016. This finding suggests that even though a higher amount of Mn4+

exists in the sample, some of the existing Mn3+ ions have been modified by the
local magnetic field to create high­spin states probably by the insertion of protons
in the crystal. In short, there are strong suggestions that Mn oxidation state is
not solely responsible for catalysis, but that charge transport is somehow aided by
H+ in the vicinity. Protons in the surface may act as active sites for intermediate
species in ORR as well as H nuclei in the bulk may influence the local magnetic field
experienced by Mn3+ centres via oxygen bonds. Thus, the electron density around
Mn would decrease and allow a high­spin electronic configuration of Mn3+ species,
i.e. 3d t2𝑔3 e1𝑔.

Figure 4.13: Mn OS and V𝑜𝑛𝑠𝑒𝑡,𝑂𝑅𝑅 vs H+ content.

4.5. Conclusion
In general, we have prepared protonated spinel types from a Li­Mn­O system. Ion­
exchange in LMOs happens in two stages as seen in potential (pH) vs. volume
results from titration experiments. In a first stage, mostly Li+ are removed from the
lattice (up to Li+ content = 0.6), and in a second stage mostly protons are inserted
while there is strong evidence of high­spin Mn3+ centre formation (at Li content
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<0.3). These results agree with charge balance analysis done from estimations
of Mn oxidation state. Up to Li+ content = 0.3, Mn oxidation state increases as
mostly positive charges are removed from the crystal lattice and Mn compensates
by oxidising from (III) to (IV) valency. Below this point Mn oxidation state starts to
decrease when positive charges accumulate from proton insertion. Proton insertion
in the crystal lattice has been confirmed by neutron diffraction and solid­state NMR
measurements where we have characterized the signature signal of crystal protons
in a spinel LMO system. Furthermore, a correlation between Li+ content and H+

content from ND results has been presented and used to analyse solid­state NMR
and electrochemistry results. We find that electrocatalytic activity as evaluated
by onset potential to ORR, increases with increasing amounts of protons inserted
as does the chemical shift. Larger chemical shifts are associated with increasing
amounts of Mn3+ centres in either low­ or high­spin configurations.

Even though it is hard to deconvolute NMR chemical shift into contributions from
bond formation and orbital overlap or modification of the spin­state of paramagnetic
centres with NMR experiments alone, a combination with electrochemistry tests
has given some directions. In short, higher proton content results in higher onset
potential to ORR, thus suggesting a synergistic effect between protons and active
Mn centres. Furthermore, our results also suggest that formation of high­spin Mn3+

ions is aided by proton insertion and that the correlation between these two species
and electrocatalytic activity is probably due to a modification of the local magnetic
field experienced by neighbouring Mn centres by the inserted thus reducing the
energy difference between the 3d split orbitals allowing one electron from the t2g
up to the e𝑔 orbital where Mn3+ would be activated towards ORR, even though
a higher ratio of Mn4+/Mn3+ exists at this point. Furthermore, we find that these
centres exist near occupied 8a Li and interstitial Li 16c positions. In turn, this
also suggests that small amounts of Li could be necessary in order to increase the
concentration of high­spin Mn3+ ions. However, we would like to remark that more
research is necessary in order to better understand spin configuration of Mn ions
and its impact on electrocatalytic activity.

We want to finish by remarking that these results, even though in their early
stages, open the possibility of new inexpensive materials that can be activated
to ORR in acidic electrolyte, thus opening new opportunities in PEM fuel cell ap­
plications. Here a simple protonation procedure can improve electrocatalysis as
measured by onset potential to ORR, however, whether activation is happening
through charge redistribution creating high­spin Mn3+ or through the creation of
new catalysis sites (H+) is still unclear.
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4.A. Hahn­echo pulse program for 2H measure­
ments

Pulse program used for hanh­echo measurements.

4.B. Synthesis of starting spinels
Resulting Li1+𝛿Mn2−𝛿O4 with 𝛿 = 0, 0.1, 0.3. They are all in the spinel crystal
structure. SEM micrographs of a) scraped electrode and b­e) elemental mapping.
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𝛿 mass ICP, g Li %w/w Mn %w/w Li Mn Compound
0 0.0455 1.8 29 0.99 2.012 Li0.99Mn2.01O4
0.1 0.0487 2.5 33 1.12 1.875 Li1.12Mn1.88O4
0.3 0.0448 3.2 33 1.30 1.697 Li1.30Mn1.70O4

4.C. Temperature studies
The resulting materials were characterized by XRD for crystal structure and ICP for
Li and Mn content.

Delta theo ICP­starting
0 Li0.99 Mn2O4
0.1 Li1.12 Mn2O4
0.3 Li1.30Mn2O4
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X­ray diffractograms after leaching show the typical reflections of a spinel crystal,
as indexed in the previous section, up to 150 °C. At 190 °C, the material has changed
into a rutile form (XRD for 𝛿 = 0.3 at that temperature was not taken). We also
observe that at 55 and 90 °C the powders are of a dark red colour, hinting at a lot of
Mn3+ ions while at higher temperatures it becomes darker and darker, suggesting
more Mn4+ ions as would be the case in 𝜆­MnO2.

4.D. Titration curves
a. Titration curves for all d values with different amounts of acid added. HLMO­029
titration data transfer was stopped at ~3 ml, however titration proceeded until the
end with 18 ml acid added.
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b. Error of titration with different calibration of the burette. Highest pH values
during first run(suffix ­1), lowest pH values after changing calibration (suffix ­2).
However, under the same calibration, all resulting curves were fairly consistent.
See previous figure; there all different experiments followed the same titration line
when adding different amounts of acid. Final pH of HLMO­029­1 was an estimate
based on the difference between both curves.

c. Calibration curve with 2g of LMOd0. For this mass of LMO, 12 ml of H2SO4
1 M correspond to more than twice the estimated amount to remove all Li. Here
we see 2 plateaus. In the first, mostly Li+ extraction is expected to happen. In the
second, and according to ND results, mostly H+ insertion is expected. This trend
was also observed in the previous figure, where de­lithiation of 4 g LMOd0 with 18
ml of H2SO4 1 M also reaches this second plateau, where according to ND results,
protonation starts to increase following a power law.
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4.E. SEM micrographs
Powders before (a­c, LMOd0) vs. after de­lithiation (d­f, LMOd0­029).

4.F. Neutron Diffraction
a. Raw data
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b. Rietveld refinement

c. Rietveld refinement result summary.

ICP Rietveld refinement

Sample Li content a, nm Lx Ly p, nm H wRp O–H, A FormulaF Uiso y
LMO 0,98 8,22 38,8 0 24,6 – ­ 0 0,11 – LiMn2O4

B18/B37 1,00843161 8,216 48,61 0 19,6 0,0016 0,07896 0,02 0,0978 – (H0.02)Li0.99Mn2O4
B19 0,57825637 8,139 62,4 0 15,3 0,0141 0,07896 0,17 0,0546 – (H0.17)Li0.58Mn2O4
B22 0,28726348 8,05 96,8 0 9,9 0,03 0,01635 0,36 0,0842 (H0.36)Li0.28Mn2O4

HMO90 0,13 8,02 46,15 0 20,7 0,057 0,03656 0,68 0,073 1,25 (H0.68)Li0.13Mn2O4
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4.G. Solid­state NMR
a. 2H NMR of DLMO­013L with a hanh­echo sequence Labelled resonances
correspond to center bands and those labelled with a star correspond to sidebands.
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b. Typical 1H and 2H NMR spectra with a one pulse sequence of HLMO­
013L A broad signal difficult to resolve as a result of the paramagnetic environment
in which protons are found. Furthermore, in 1H measurements protons in the probe
obscure the signal further. However, deuteration of the sample reveals that the
resonance at 7.8 ppm corresponds to adsorbed water.
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4.H. Mn OS validation
The difference in OS of LMO is due to calibration error around OS = 3.5 in XAS
experiments. XAS calculations taken from chapter 5.

Sample Formula Mn OS, ND Mn OS, XAS
LMO LiMn2O4 3,50 3,04

B18/B37 (H0.02)Li0.99Mn2O4 3,49 NA
B19 (H0.17)Li0.58Mn2O4 3,63 NA
B22 (H0.36)Li0.28Mn2O4 3,63 3,69

HMO90 (H0.68)Li0.13Mn2O4 3,59 NA
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Manganese oxides in different crystal structures have been extensively stud­
ied as catalysts to multiple reactions, especially the spinel types have been
presented as promising alternatives for ORR in alkaline conditions. The ac­
tivity of these materials has been shown to stem mainly from the Mn3+/Mn4+

redox couple, however, their study in PEMFCs has been somewhat limited.
In this work we show a spinel lithium manganese oxide (LMO) obtained from
chemical de­lithiation route where Li+ to H+ exchange preserves the crystal
structure and a disordered cubic LMO resulting from the MEA fabrication pro­
cess. Electrochemical activity has been studied for both materials, ex­situ
(for cubic spinel LMO) and in operando (for cubic disordered LMO) with X­
ray absorption spectroscopy (XAS) at Mn k­edge in a PEMFC. All membrane­
electrode assemblies (MEAs) used Pt as counter electrode and a Nafion®
solid electrolyte. We find indications that these materials can chemically
split H2 gas by a slight change in the Mn edge when exposing the powders
to 1 atm of H2. Further ex­situ studies show reversible electrochemical ex­
traction (ORR) and insertion of protons (HOR) in the spinel structure, at the
same time demonstrating a series of structural changes, e.g. Mn oxidation
state (OS), Mn−O bond lengths (BL), Mn coordination number (CN) and oxy­
gen vacancy formation/annihilation, depending on operation as whether a
HOR or ORR electrocatalyst. Finally, operando measurements of Mn k­edge
in disordered LMOs show a stable Mn oxidation state throughout operation
suggesting stability of Mn in contact with a solid electrolyte, as opposed to
its instability in acidic liquid electrolyte as found in traditional voltamme­
try measurements. These results highlight the importance of screening new
materials in real operating conditions as often traditional ex­situ techniques
cannot fully reflect the real environment and thus misleading conclusions
may be reached preventing us from following up promising studies. In short,
we show that spinel type and strongly reduced HLMOs in cubic structures
with variable structural parameters are active to both relevant reactions in
an acidic environment, thus opening a wide range of possibilities for low­cost
electrocatalysts that can be fine­tuned according to application.
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5.1. Introduction

P latinum fast kinetics towards ORR and HOR in acidic media makes it the golden
standard catalyst for proton­exchange membrane fuel cells (PEMFCs). However,

its high cost and susceptibility to CO poisoning have been a major impediment to
the establishment of PEMFCs as more attractive clean energy devices. This has
led to a research focus on lowering the Pt loading at the cathode where the more
sluggish ORR takes place and to the development of non­noble metal catalysts [4].

In this quest, transition metals oxides (TMOs) have recently attracted a lot of
attention because of their low cost and their variable oxidation states which com­
bined with high electrical conductivity gives them interesting chemical properties
[4–7]. For instance, manganese oxides in different crystal structures have been
extensively studied as catalysts in many different applications, e.g. in the con­
version of CO, NO𝑥, SO𝑥 and other volatile organic compounds, decomposition of
ozone and hydrogen peroxides, organic reduction and oxidation, removal of bacte­
rial pathogens, epoxidation of olefins, photo­/electrochromics and oxygen evolution
and reduction reactions (OER and ORR) [5, 7–12]. More specifically, in terms of
ORR activity MnO, MnO2, Mn3O4, MnOOH, Mn2O3 and Mn5O8 have all been shown
to be highly active in alkaline conditions [3, 10, 11, 13, 14]. However, despite their
historic potential as catalysts to ORR and OER in alkaline and neutral conditions in
e.g. metal­air batteries [15–19], alkaline fuel cells [14, 16, 19], microbial fuel cells
[19, 20] and electrolysers [14, 21, 22], research on manganese oxides as catalysts
in PEMFCs has been rather limited. In fact, to our knowledge only a few stud­
ies concerning acidic environments are available to date. Huynh et al. [23] studied
MnO𝑥 activity to OER on a wide pH range and suggested that these materials can be
activated to function as catalysts in acidic environments by exploiting a self­healing
process that consists of oxidative electrodeposition of dissolved Mn ions. Another
study by Hayashi et al researches four MnO2 polymorphs as catalysts in PEM elec­
trolysers [22] with the finding that Mn/C catalyst has similar performance to Pt/C
catalysts when evaluated by their 2 mA⋅cm−2 potential in liquid electrolyte and the
2 V current density when using a solid electrolyte. However, direct application of
manganese oxides in PEMFCs is even more scarce; Mirshekari and Shirvanian [24]
studied commercial Mn2O3 and Mn3O4 at variable particle sizes as catalyst to ORR
by the rotating disk electrode technique in 0.1 M HClO4 [24], and Mosa et al. have
suggested Cs­MnO𝑥as potential catalyst in PEMFCs, especially in methanol fuel cells,
although activity in acidic electrolyte was not directly tested [14]. We presume that
the lack of documentation of MnOs in acidic media is due to the thermodynamic
instability predicted by Pourbaix for Mn at low pH values [25]. However, in the last
few years the stabilization of TMOs against corrosion in acidic conditions for PEM
electrolysers has started to gain attention with a few suggestions already found in
the literature for manganese oxides, e.g. addition of titanium oxide or doping with
fluorine [22, 26, 27]. These findings, though in early stages, open up the possibil­
ity of engineering Earth abundant TMOs in order to use them as catalysts in acidic
environments.

On the other hand, catalysis in alkaline media research often suggests active
materials that allow reversible proton insertion and various manganese oxides have
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been studied in that respect, e.g. Mn2O3, Mn3O4, and MnO2 [7, 9, 11]. Particularly
manganese oxides in cubic crystal structures such as spinel manganese oxides have
been shown as promising alternatives for ORR in alkaline conditions [4–7, 10, 28,
29]. These cubic spinel class of materials with formula AMn2O4 have been shown to
be more catalytically active than their tetragonal counterparts as they have better
affinity towards oxygen adsorption as well as higher density of active sites [4, 28].
It has been elucidated that presence of the oxidation states 3+ and 4+ with ratio
Mn3+:Mn4+ >1 is vital for the four electron ORR pathway [13]. This suggests higher
catalytic activity in the Mn3+ species which has been attributed to the presence of
one extra electron resulting in Jahn­Teller distortion, a well­known phenomenon in
manganese oxides [14, 30].

An interesting class of spinel­type materials with mixed Mn3+/Mn4+ oxidation
states are lithium manganese oxides Li1+𝛿Mn2−𝛿O4 (0 <𝛿 <1/3). These are com­
monly used cathodes in Li­ion batteries, but have been shown to be selective ab­
sorbents [31–33], useful catalysts to the oxidation of methane and butane as well
as to water oxidation in photocatalytic systems [34, 35]. Recently, LiMn2O4 (LMO)
was used as an inorganic filler for PEMFC membranes [33], where the result was
increased proton conductivity.

Spinel LMOs become particularly interesting once lithium has been extracted
from the structure in strong acidic media [36–40]. Lithium extraction is the result of
a disproportionation reaction of Mn3+ to Mn2+ and Mn4+ as proposed by Hunter [41]
and an ion­exchange reaction where Li+ ions are exchanged with H+ [37, 38]. The
result is a spinel product with overall stoichiometry H(1−𝑥)−𝑦Li1−𝑥Mn2O4 (HLMO).
This proton­exchanged LMO shows improved catalytic activity for the oxidation of
methane and n­butane [34]. Furthermore, H2 thermal desorption from HLMO has
been shown to form a stable spinel phase in up to 200 °C [34]. These combination
of properties, e.g. tunable Mn3+/Mn4+ ratio, Li+/H+ ion exchange in acidic media
with H+ recombination into H2, together with their ability to act as catalysts in
similar systems, make spinel HLMOs an interesting material to study as ORR and
HOR electrocatalyst for PEMFCs, i.e. in acidic environments.

The ionic substitution in the LMO structure induces local structural and electronic
perturbations, which can affect lithium and proton diffusion in the lattice and so
their chemical and electrochemical performance. A better understanding of the
structural effects of proton exchange can be gained by examining the local structural
and electronic environment of the HLMOs by X­ray Absorption Spectroscopy (XAS).
XANES and EXAFS at the Mn K­edge have been used to study Mn oxidation state in
battery materials [30, 42, 43] as well as to probe its electronic configuration. Here,
we study the Mn K­edge of proton­exchanged manganese oxides as both anode and
cathode in ex­situ and operando conditions in a PEMFC to find out whether they
can act as electrocatalysts and what is the role of Mn3+/Mn4+ and H+ ions in their
functionality. Understanding the effect of proton substitution on the local structure
of the spinel LMOs can provide important insights into how the structure of these
materials can be tailored to give optimum electrochemical properties.
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5.2. Experimental
5.2.1. Synthesis
Spinel LiMn2O4 was prepared by a solid state reaction as detailed in Chapter 4.
Shortly, LiOH⋅H2O (Merck) and Mn(CH3COO)2⋅4H2O (Fluka) were mixed in a molar
ratio Li:Mn of 1:2 and left to dissolve in their own crystal water while heating up
to 100 °C under constant stirring. Two calcination steps followed at 500 °C and
700 °C for 5 and 10 h, respectively. The samples were ball­milled at 750 rpm for
30 min in 2 cycles of 15 min with opposing directions. The resulting LMO powder
was chemically de­lithiated to three different compositions by titration with 1 M
H2O4 using a Metrohm DMS Titrino 716 titrator as described in Chapter 4. An extra
reference sample was prepared by mixing 4 g LMO in 75 ml 5% HCl for 24 h under
constant stirring at room temperature. The amount of solution was chosen to be
at least twice the stoichiometric protons necessary to achieve complete delithiation
following equation 5.1:

2𝐿𝑖𝑀𝑛2𝑂4 + 4𝐻+ → 2𝐿𝑖+ +𝑀𝑛2+ + 3𝜆 −𝑀𝑛𝑂2 + 2𝐻2𝑂 (5.1)

All samples were vacuum filtered and washed several times with demineralized
water and finally dried in a vacuum oven at 55 ­ 90 °C for at least 24 h. De­lithiated,
proton­exchanged LMO samples are referred to as HLMO for simplicity.

In table 5.1 a summary of the tested and analysed materials as prepared in
Chapter 4 is shown.

Table 5.1: Li content and sample labels.

Sample Li content, (1­x) Preparation Short name
LiMn2O4 home­made 1 Solid state synthesis LMO

Delithiated LMO, composition 1 0.29 Titration with 1 M 𝐻2𝑆𝑂4 HLMO­029
Delithiated LMO, composition 2 0.58 Titration with 1 M 𝐻2𝑆𝑂4 HLMO­058
Delithiated LMO, composition 3 0.99 Titration with 1 M 𝐻2𝑆𝑂4 HLMO­099
Delithiated LMO, composition 4 0.13 Leaching in 5% HCl HLMO­013L

5.2.2. Membrane Electrode Assembly (MEA) preparation
Inks with the active material were prepared by stirring 45 mg HLMO, 45 mg carbon
black and 1.2 g Nafion™solution (PFSA 5 wt.%, Quintech) in 9 ml ethanol for five
minutes. The solution was then dispersed in an ultrasound bath for 30 minutes.
The resulting inks were sprayed onto a carbon gas diffusion layer (Fuel Cell store,
GDL 340C) and left to dry on a hotplate for 2 h so as to obtain working electrodes
with an HLMO loading of 0.1 mg⋅cm­2. Finally, the MEAs were prepared by hot­
pressing together a working electrode, a Nafion𝑇𝑀 117 membrane (thickness of
0.007 in) and a Pt counter electrode (Fuel Cell store, L=0.5 mg⋅cm­2) at 30 kN and
135 °C for 90 s.
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5.2.3. Characterization
The samples were analysed by XRD with a Bruker D8 ADVANCE diffractometer (Co
K𝛼, 𝜆 = 0.1789 nm) and the SEMmicrographs were obtained using a JEOL JSM‐6010
LA with a standard beam potential of 5 kV. Lithium and manganese content were
analysed by ICP­OES using a Perkin Elmer Optima 5300DV instrument.

5.2.4. Electrochemical measurements
The HLMOs were tested in a three­electrode electrochemical cell using the rotating
disk electrode (RDE) with a 5 mm glassy carbon disk (PINE Instruments) and an
Autolab potentiostat. The working electrode was prepared by coating the glassy
carbon disk (0.196 cm2) with an ink of the active material. The ink consisted of 4
mg HLMO, 2 mg Vulcan XC­72R and 4.56 𝜇L Nafion™(solution at 5 wt.%) dispersed
in 12 mL IPA by sonication for 30 minutes. Finally, a 13 𝜇L aliquot was deposited
onto the glassy carbon and left to dry at room temperature inside a fumehood. A
Pt wire was used as counter electrode and all measurements were taken against a
RHE electrode in 0.1 M HClO4 electrolyte. The electrolyte was purged with either
Argon or Oxygen for 30 min prior to any experiment. Cyclic voltammetry (CV)
measurements were recorded at a scan rate of 50 mV·s−1.

The electrochemical protonation and deprotonation of HLMOs was done in a
fuel cell configuration. Here, the working electrode was made by pressing 6 mg of
powder (in a 1:1 ratio of HLMO:Vulcan) onto a carbon gas diffusion layer (Fuel Cell
store, GDL 340C) in a 10mm dye at 7000 lb for 2 minutes. The fuel cell was then
assembled by putting together the working electrode, a Nafion™117 membrane and
Pt as counter electrode. The components were held together by simply tightening
the cell; no MEA was fabricated in this case (see Appendix 5.A). Hydrogen and
oxygen gases were produced in­situ with an electrolyser kit (Fuel Cell store). For
the proton discharge, or deprotonation, the HLMO electrode was used at the oxygen
side of the cell while cutting off the feed from the hydrogen side. A constant voltage
of 0.01 V was applied for 300 s until a stable current (close to 0 A) was reached. At
this point, the material was assumed to have used any protons left in the structure to
recombine with the oxygen feed to produce water. On the other hand, for (further)
protonation the HLMO was used at the hydrogen side of the cell while blocking the
feed from the oxygen side. Again, a constant voltage of 0.01 V was applied for 300
s until a stable current (close to 0 A) was reached. At this point, insertion of as
many protons as possible in the structure by oxidising hydrogen gas is assumed.
Finally, in order to study the veracity of proton insertion and its reversibility in the
spinel HLMOs, a material that was cycled between protonation and deprotonation
was prepared ending in a protonated state.

5.2.5. X­ray absorption (XAS) measurements
All X­ray absorption spectra presented here were collected on the BM26A (DUBBEL)
beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
The storage ring was operated at an energy of 6 GeV and a beam current of 200
mA. A Si(111) monochromator was used to tune the energy of the incident beam
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before entering the cell to 6.5 keV to match Mn K­edge. The spot size of the X­ray
beam on the sample was 2 mm2 (fwhm). For the operando measurements, two
windows of 1 cm2 in diameter were cut on the MEAs at the Pt side in order to
allow the beam to pass through and into the HLMO side of the fuel cell. The gases
were humidified by flow through a bubbler prior to entering the FC (See picture of
set­up in Appendix 5.B). The electrochemical tests were performed in galvanostatic
mode using a MACCOR battery testing system with a maximum current setting of
1 A. The MACCOR program was set in current steps from 0.001C to 10C of 30 min
while the voltage response was measured. Powder measurements were done by
pressing a pellet onto Kapton tape. In order to identify the oxidation state in the
HLMO samples, references with known oxidation state and comparable coordination
geometry were also measured, e.g. MnO, Mn2O3, Mn3O4, MnO2 and LiMn2O4.

5.2.6. XAS Data Analysis
Processing and analysis of the data were performed with the Athena and Artemis
software packages, using IFEFFIT. The energy was calibrated using the first maxi­
mum of the first derivative (see Appendix 5.C). Measurements were taken duplicate
or triads and then merged together in Athena. First­shell EXAFS fitting was per­
formed in k2 weighting (checking k1 and k3 during analysis) over the energy range
2 < k < 10 Å−1 and distance range 1.25 < R < 3.0 Å on the basis of the face­centred
cubic (fcc) crystal model. The amplitude reduction factor, s02, was set to a value
of s02 = 0.85 (taken from literature [44]). Second shell fitting was performed in k
and distance ranges. Both shells were fit with restrained 𝐸0 and amplitude reduc­
tion factor, S02, to be the same for both paths. All crystals were drawn using free
software VESTA [45].

5.3. Results
5.3.1. Synthesis
Figure 5.1 (taken from Chapter 4) shows a reference titration curve for home­made
LMO where two plateaus indicating a reaction in two steps are present. According
to this, three points were chosen for analysis: beginning of the first plateau, tran­
sition region and end of the second plateau (figure 5.1a). Figure 5.1b shows X­ray
diffractograms of the prepared samples, confirming a cubic spinel crystal structure.
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Figure 5.1: Synthesized vs. commercial spinel 𝐿𝑖𝑀𝑛2𝑂4.

5.3.2. MEA fabrication
Nafion addition to manganese oxides has been reported to reduce Mn ions from
Mn3+ to Mn2+ oxidation state [46]. We monitored changes to our spinel materials
by XRD and XANES from powder to MEA as Nafion is added to the ink used for the
electrode. Results are shown in figure 5.2.

Figure 5.2: Changes of the starting spinel type from powder to MEA: (a) XRD of powder to MEA, (b)
XAS comparison with an HLML­029 ink, (c) XAS comparison of electrodes, (d) XAS comparison of MEAs.
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The spinel crystal structure remained upon addition of Nafion to the ink, how­
ever some changes can be observed in the diffractograms shown in figure 5.2a, i.e
increased background, broader line shapes and peak shift. XANES measurements
reveal that the spinel types have been slightly reduced after Nafion addition, from
3.69+ to 3.39+. The EXAFS region (see Appendix 5.D) shows a 2­shell structure
similar to that of a spinel, while the pre­edge region (see inset in figure 5.2b) shows
two characteristic oscillations related to Mn 3d t2g and e𝑔 energy levels character­
istic of Mn3+ and Mn4+ oxidation states in spinel LMOs. In general, Nafion did
induce a slight overall reduction in Mn oxidation state but it did not affect its crystal
structure.

On the other hand, results from electrodes with different compositions show
an increase oxidation state as Li content decreases. Removal of positive charges
(Li+ions) would result in charge compensation by Mn nuclei if no other positive
charges, i.e. H+, are introduced in the lattice. Thus, it follows that proton­exchange
is not a 1:1 process. From XANES results it is evident that HLMO in the fresh elec­
trodes is in the spinel form, however, from XRD results it is not so clear. Carbona­
ceous species from the ink and substrate dominate X­ray diffraction, however on
closer inspection reflections belonging to a cubic spinel can be seen along with new
reflections where MnSO4⋅H2O, Mn5O8 and Li2Mn2O4 have been identified as pos­
sible candidates (see Appendix 5.E). The lowered intensity of HLMO is due to its
lower concentration in the solid mixture with Vulcan. However, there are several
signs that the crystallinity of the material has somewhat changed, e.g. broader line
shapes, increased background intensity, and particularly broad lines or “bumps”
around 2𝜃=50° and 22° which indicate a more amorphous material. The resulting
material in the MEA is more closely related to a distorted tetragonal spinel as in
Mn3O4 (Mn OS=2.66+) as seen from the pre­edge features and edge position (see
figure 5.2 insets).

Mn ions in manganese oxides can adopt several oxidation states which give
them the versatility of forming different crystal structures. However, slight changes
in Mn3+/Mn4+ ratio can result in a slightly different overall oxidation state and cor­
responding unit cell size. As the synthesis process is not homogeneous and de­
lithiation depends on surface area, it is possible that not all grains are equally
de­lithiated and instead a mixture of several crystals with slightly different com­
positions, and subsequent oxidation states and lattice parameters, result. Thus,
XRD, XAS and ICP results reflect but merely the average of the material. Broader
line shapes in x­ray diffractograms of powders can be explained by several crys­
tals with slightly different lattice parameters, however, all of them belong to the
cubic spinel family. Spinel crystals can be cubic (as in LMO where Mn3+ and Mn4+

exist together, average OS=3.5+) or be distorted to a tetragonal unit cell (as in
Mn3O4 where there is a mix of Mn2+ and 3+, with average OS=2.66+). Both have
close­packed oxygen lattice and differ mainly in the filling of octahedral (Oh) and
tetrahedral (Th) sites with Mn ions [47].

From XRD and XAS spectra of MEAs, the material can now be understood as
a mixture of several distorted tetragonal spinel crystal types with different compo­
sitions whose average oxidation state is ~2.66+. We shall refer to them now as
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disordered spinels (HLMO­dis).

5.3.3. Cubic spinel types as potential ORR and HOR cata­
lysts

Figure 5.3a shows conventional voltammetry in 1 M HClO4 saturated with Argon.
As an example, the first 50 cycles of an HLMO­029 layer are shown. In general,
HLMO is very unstable in acid liquid electrolyte as predicted by Pourbaix at this pH
and potential [25]. Under these conditions, Mn4+ species dissolve as Mn2+ ions in
the acid electrolyte and this process corresponds to the redox couple centred at
~1.4 V vs. SHE. Once the material was stabilized, further cycles were measured
under oxygen saturation (5.3b) and a clear increase in the reduction current is
observed at ~0.7 V vs. RHE, thus indicating ORR activity. However, ORR has a high
overpotential and HLMO suffers initial changes in liquid electrolyte.

Figure 5.3: Voltammetry on cubic spinel types.(a) First 50 CVs of HLMOd0­029 in Ar­saturated 0.1 M
HClO4. (b) Stabilised HLMOd0­029 in Ar­saturated electrolyte (black) vs. O2­saturated electrolyte (red);
(c) Stabilised HLMOd0­058 in Ar­saturated electrolyte (black) vs. O2­saturated electrolyte (red); and (d)
Stabilised HLMOd0­099 in Ar­saturated electrolyte (black) vs. O2­saturated electrolyte (red)

The highest activity in O2 is observed in the most de­lithiated HLMO sample,
suggesting that proton insertion is related to activity. Furthermore, it is noteworthy
that as a semiconductor 𝐿𝑖𝑀𝑛2𝑂4 has a low electrical conductivity, thus additives
are necessary to improve current density. Figure 5.4 shows CVs of HLMOs/Vulcan
in Ar­saturated electrolyte which present a current density ~6 times higher than
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their pure HLMO counterparts.

Figure 5.4: Voltammograms of HLMOs vs. HLMO/Carbon support of: (a) HLMOd0­058 and (b)HLMOd0­
029.

On the other hand, to probe hydrogen oxidation in HLMOs, powders and MEAs
were exposed to a 1 bar of H2 flow and XANES spectra at Mn k­edge were recorded
before and after exposure. Figure 5.5a shows a comparison of XANES spectra
under air vs. H2 flow. In HLMO­013L powder, there is a slight decrease in Mn k­
edge energy meaning Mn reduction as the HLMO takes in positive charges, with an
average OS of ~3.96+ (this was a sample leached in acid for 24h). In figure 5.5,
a pristine MEA from HLMO­029 was exposed to H2 flow before operation. In this
case, Mn reduction is more noticeable with an average OS change from 2.71+ in
the pristine MEA to 2.59+ after applying 1 bar of H2. In both cases, inspection of
the pre­edge features suggests no change in Mn coordination or local structure and
resembles that of a spinel­like crystal. In both, cubic spinel powder and disordered
spinel types in the MEA, hydrogen was oxidised as protons that were taken up by
the structure.

5.3.4. XAS of disordered HLMO in operando fuel cells
HLMO­dis MEAs (vs. Pt) were tested in operando conditions as either an oxygen
or hydrogen electrode. Typical voltage and current vs. time curves using a con­
stant current program are shown in figure 5.6b. Figure 5.6a shows XANES spectra
for a HLMO­029 vs. Pt cell, with HLMO­dis at H2 side under a constant voltage
program. During operation there is no change in oxidation state (i.e. no change
in energy edge) or pre­edge features and “white line” intensity (A), suggesting a
stable reaction with fast kinetics, i.e. charge in = charge out in the timescale of
the measurement. (See Appendix 5.F for electrochemical measurements at near
short­circuit conditions).

On the other hand, during ORR operation the behaviour of HLMO is more nu­
anced as seen in figure 5.6c (with a constant current program). Mn oxidation state
increases slightly from 2.52 to 2.65+ while the “white line” intensity (A) increases
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Figure 5.5: XANES under air (red) vs. under 1 bar H2 (blue). (a) Powder and (b) MEA.

and shoulder B intensity decreases. These changes could be related to oxygen
atoms in the lattice as the white line intensity represents transitions to 4p hybridised
states [48–52] for 3d metals and the first oscillation after the edge represents wave
interference with the nearest neighbour, i.e. oxygen in thi case [49, 53, 54]. The
relation of this structural feature to operation as either HOR or ORR electrocatalyst
was further studied by cycling a pristine cell (HLMO­013L vs. Pt) between operation
at O2 or H2 side. Figure 5.6d shows a comparison of XANES spectra as follows: i)
pristine cell; ii) end of operation as ORR electrocatalyst; iii) subsequent operation
as HOR electrocatalyst. Initially, the structure related to shoulder B exists in the
pristine cell, however, at the end of operation at ORR side, shoulder B intensity has
significantly decreased together with an increase in the “white line” intensity (A).
Taking the material at this state and flipping the gas flows, the HLMO was subse­
quently operated as a HOR electrocatalyst. In this case, the inverse tendency was
observed, i.e. “white line” intensity decreased while shoulder B was formed again.
This phenomenon suggests that the structure related to shoulder B is reversible
and fundamental for operation of the material as electrocatalyst to one reaction or
the other.

5.3.5. Ex­situ measurements of pure cubic spinel HLMO in
a PEMFC

To further investigate the mechanisms of these reactions e.g. nature of shoul­
der structure (B), its relation to spinel manganese oxides and other structural
features, pure cubic spinel HLMO­029 was studied ex­situ by electrochemical (de­
)protonation to the feasible extremes. This was achieved by the procedure detailed
in section 5.2.4 and illustrated in figure 5.7 a and b.

Figure 5.7 shows the comparison of XANES measurements of the resulting ma­
terials against pristine cubic spinel HLMO­029 powder. Again, changes in “white
line” and shoulder structure intensities have been observed according to function­
ality along with more pronounced changes in oxidation state, i.e. from 3.74+ to
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Figure 5.6: Operando x­ray absorption spectroscopy of a fresh HLMO­029 vs. Pt cell as (a) HLMO @ H2
electrode and (c) as O2 electrode. In (b) the I and V vs. programs followed. In (d) Structure at end of
operation when the same cell (HLMO­013 vs. Pt) is used as H2 electrode after use as O2 electrode.

3.65+, thus confirming (de)protonation of the spinel. At ORR (de­protonation), A
increases and B decreases, while at HOR (protonation) A decreases and B increases
in intensity.

Extended energy ranges were scanned in order to gain information from longer
distance interactions. Fourier transform of the EXAFS region is shown in figure
5.7d along with fittings using a 2­shell model as described in the methods section.
Results from the fittings are shown in figure 5.8. Here, a change in coordination
number (CN) of Mn (figure 5.8a) is seen upon (de­)protonation. During operation
at oxygen side Mn is over­coordinated (CN >6) while during operation at hydrogen
side Mn is under­coordinated (CN <6). The change in coordination with oxygen
atoms can be explained by oxygen vacancy (V𝑂) formation/annihilation. For in­
stance, oxygen fed to the cathode is first used to fill existing oxygen vacancies
and interstices until overly coordinating Mn with 6.49 oxygen atoms in average.
Oxygen vacancy filling is a known phenomenon in metal oxides, which when used
as ORR electrocatalysts may delay reaction onset [55–58]. In the case of HOR,
from the change in CN one could think that oxygen vacancies are formed, however,
there is no change in oxidation state. In turn, this suggests that oxygen atoms
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Figure 5.7: (a) Set­up for electrochemical protonation; (b) set­up for electrochemical deprotonation; (c)
XANES region; (d) FT of EXAFS region and fit (transparent dots). First shell is Mn­O distance and second
shell is Mn­Mn distance.

are not leaving the lattice but rather redistributing over it, so that vacancies are
form around the octahedra with Mn centre thus explaining lower CN. Furthermore,
we observe structural reversibility upon proton insertion. Features like CN (figure
5.8a), oxidation state (figure 5.8b) and Mn—O bond length (figure 5.8c) appear to
change accordingly with calculated proton concentration (figure 5.8d) and revert to
their initial values after one (de­)protonation cycle.

These results agree well with operandomeasurements of HLMO­dis and support
the hypothesis of oxygen vacancy formation/annihilation according to electrochemi­
cal reaction. Finally, we should remember that these ex­situ results reflect extremes
of (de­)protonation whereas a real fuel cell would operate somewhere in between.
Therefore, there must be optimal structural parameters, e.g. [V𝑂], [H+] and oxi­
dation state, that would make spinel types, cubic or tetragonal, HLMOs active for
either reaction, i.e. ORR or HOR.

5.4. Discussion
5.4.1. Characterisation
We have prepared different spinel HLMOs with compositions 0.13 <Li+ <0.99 that
have slightly different average unit cell sizes according to their Lithium content.
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Figure 5.8: Fitting results at different stages of the process. (a) Coordination number; (b) Estimated
proton content; (c) Bond length: Mn­O (black), Mn­Mn (turquoise), in Å; (d) Oxidation state .

Each of these spinel types show line broadening in x­ray diffractograms, suggesting
a small distribution of crystal sizes and compositions within one single sample.
Our initial cubic spinel LMO has an average oxidation state of 3.04+, meaning a
weighted distribution towards Mn3+ states rather than Mn4+. Pre­edge features
agree with a cubic structure where Mn ions are in an octahedral (Oh) field with two
visible oscillations, P1 and P2, whose centroids are approximately 2 eV apart. These
two oscillations are characteristic of materials where there is crystal­field splitting
between the t2g and eg orbitals such as where Mn3+ and Mn4+ exist together (e.g.
spinel LMO), thus creating a broad pre­edge region [48, 51, 52, 59–61]. These two
features can be related to excitation of core electrons (1s) to unoccupied energy
levels. In the case of 3d metals, such as Mn, these transitions correspond to 1s⟶3d
excitations, and have been related to transitions to 3d t2g (P1) and 3d e𝑔 (P2)
energy levels [5, 49, 50, 52]. Studies have attributed manganese’s catalytic activity
to several reactions, e.g. water oxidation, to the presence of Mn3+ species. The
ease of transfer of its unpaired eg electron has been pinpointed as critical for active
catalysts [5, 62–65]. Upon de­lithiation of LMO, we see an increase in the relative
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intensity of P2 in relation to P1 and an oxidation of Mn to an overall oxidation state
of 3.69+ in HLMO­029. The increase in the second pre­edge feature (P2) would
then suggest an increase in density of unoccupied e𝑔 orbitals (higher hole density of
3d states) that can be correlated to the change in average oxidation state towards
higher density of Mn4+, in agreement with previous work by Nam et al. [52]. Thus,
our results show that even after strong de­lithiation, Mn average oxidation state is
still relatively far from the expected Mn4+ state. When starting with standard LMO
(Mn3.5+), it is expected that most Li+ would be leached out at this point making
a material similar to 𝜆­Mn2O4 (Mn4+). However, from our results we see that we
have made a spinel with higher Mn3+ concentration than standard LMO, thus upon
strong de­lithiation higher amounts of Mn3+ remain, increasing our expectations for
electrocatalytic activity.

Subjecting the resulting powders to standard methods of MEA fabrication, i.e.
ink preparation with Nafion as binder and hot­pressing electrodes to make one as­
sembly, resulted in a structural change of the material. Previous studies suggested
Nafion’s capability to reduce manganese oxides [46, 66]; however, we find in our
studies that even though there is indeed a slight reduction upon Nafion addition, the
crystal structure remains a cubic spinel. A more critical step is hot­pressing, where
temperature and pressure have distorted the cubic structure into a tetragonal one.
Thus, the spinel is locally distorted by the Jahn­teller effect resulting in Mn3+O6
octahedra with different Mn—O bond length along the z axis[50, 52, 67]. Pre­edge
features confirm a tetragonal structure with only one oscillation before the edge
corresponding to Mn atoms in an Oh field. At the same time, EXAFS features show
a 2­shell structure at short distances, similar to that of cubic or tetragonal spinels,
however at longer distances they do not agree, suggesting instead some sort of
long distance disorder.

In summary, spinel­type HLMOs can be understood as a distribution of several
types with slightly different crystal sizes (lattice parameter, a) and their subsequent
composition as Li+/H+ content affects the lattice size, as well as a weighted distri­
bution of oxidation states 2+, 3+ and 4+ depending on their cubic nature or if they
have been distorted to a tetragonal form.

5.4.2. Performance
Cubic spinel types with average oxidation state 3+<OS<4+ and disordered tetrag­
onal spinel types with average oxidation state 2+<OS<3+ have both been studied
as HOR and ORR electrocatalysts. Both show activity to HO and OR reactions and
similar trends for various structural and electronic properties have been found in
both spinel families. Materials with different compositions, e.g. HLMO­029 and
HLMO­013L, both showed an increase in “white line” intensity (A) and intensity
of shoulder B (see figure 5.6d and figure 5.7c) when operated under air flow and
reducing conditions (ORR). In 3d transition metals such as Mn, the white line inten­
sity is related to transitions to 4p unoccupied energy levels, 1s⟶4p. In addition,
in some studies this intensity has been related to hybridization of Mn 4p orbitals
with O 2p [48, 50]. The higher energy shoulder in the XANES region (B) can be
related to the distance of the absorbing atom to its nearest neighbour, i.e. oxy­
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gen, as oscillations past the edge happen as a result of constructive or destructive
interactions with neighbouring atoms. Many authors have related this oscillation
to Mn—O bond length through a direct relation (rule), although its applicability is
widely debated [54]. However, DFT studies in LMO materials have found that this
oscillation is indeed related to interactions with the nearest oxygen atoms [50, 68].
The intensity can also be understood as a density of states (DOS) which would
suggest an increase in transitions to 4p orbitals or increased density of hybridised
Mn 4p/ O 2p states.

On the other hand, we see the opposite trend when the material is operated
under hydrogen flow and oxidizing conditions (HOR). In this case, the white line in­
tensity (A) decreases while the intensity of shoulder B increases. In both materials,
cubic and disordered tetragonal, we have observed reversibility of the structures as­
sociated to features A and B, by using the final structure at ORR as the initial state
at the HOR side. Ex­situ cycling through (de)protonation processes has shown
the same results, with both features returning to almost initial conditions even
after going through 2 cycles of protonation, i.e. pristine⟶electrochemical protona­
tion (HOR)⟶ electrochemical deprotonation (ORR)⟶ electrochemical protonation
(HOR).

EXAFS analysis of (de­)protonated cubic spinel HLMO­029 verified changes in
oxidation state as expected, e.g. oxidation at ORR operation, reduction at HOR,
as well as it helped clarify the states in which spinel HLMOs can become active
to ORR or HOR. Fittings of the EXAFS region revealed a change in Mn local envi­
ronment where it evolves to an over­coordinated structure (CN>6) along with an
increase in oxidation state and a decrease in proton concentration when operating
at ORR. Oxygen vacancies are common defects found in metal oxides originating
from synthesis and preparation methods [24, 56, 69], thus it is reasonable to think
that under the right conditions, e.g. oxygen rich environment and reductive po­
tentials, these vacancies would be filled by available oxygen atoms. As discussed
previously, oxygen absorption is in fact, a property of metal oxides [55–58]. Once
Mn coordination is saturated with oxygen to a state where energetics would favour
oxygen reduction, Mn oxidises by losing some of its structural protons that exist as
­OH groups, probably formed during chemical protonation.

On the other hand, when spinels are used as HOR electrocatalyst, EXAFS anal­
ysis reveals a decrease in Mn coordination (CN<6) along with lower oxidation state
and increased proton concentration. Contrary to the previous case, Mn under­
coordination here suggests formation of oxygen vacancies.MD simulations by Croy
et al. on cathode materials for Li batteries such as spinel LNMO (Li­Ni­Mn­O) and
layered Li2MnO3 showed that Li atoms migrate within the materials to interstitials
where no bond with Mn is formed, i.e. bond length > 2.3 Å, and propose oxygen
migration as one of the causes for Mn under­coordination. They have found that
when all Li is removed, additional O vacancies are created in proportion to hole dop­
ing. This entails a similar situation as in our spinels as most Li has been removed
and hole doping is happening by insertion of positive charges as protons. However,
we observe no change in Mn oxidation state when operating as HOR electrocatalyst
which suggest no change in overall charge in the material. This suggests O mi­
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gration to neighbouring vacancies within the crystal. In spinel structures O atoms
occupy the 32e sites (Wyckoff position) that correspond to the corners of octahedra
with Mn centre and tetrahedra with Li+ centre. A decrease in CN around Mn centres
would then suggest O migration to vacancies in tetrahedral corners with Li+ cen­
tre or interstitial Li+ vacancy where incoming H+ can accommodate and form ­OH
groups. Figure 5.9 shows a representation of the proposed working mechanisms
based on this work.

Figure 5.9: Schematic of the proposed working mechanism. CN: coordination number; BL: bond length;
OV: oxygen vacancies (2𝑥)

Furthermore, changes in oxidation state suggest that similar to its Platinum
counterpart, ORR is the limiting process in a fuel cell with a sluggish, multi­step re­
action. On the other hand, HOR seems to have faster kinetics as no change is seen
in Mn energy edge during operation or in ex­situ experiments, suggesting that the
rate at which positive charge is inserted equals the rate at which negative charge is
lost. Along with these changes, we also observe changes in Mn—O average bond
length. Results from EXAFS show that at ORR Mn—O bond length increases and it
decreases at HOR conditions. This agrees with oxygen atoms overly coordinating
Mn forcing the negative charges to move further away (structure stretches) or oxy­
gen atoms migrating away thus increasing the attraction forces between Mn and
remaining O atoms (structure compresses). It should be noted that our ex­situ
experiments were carried under “extreme” conditions (near short­circuit current at
each side), but in a real fuel cell an optimum I­V relation exists to maximize power
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output, therefore an optimum combination of structural and electronic properties,
e.g. CN, OS, [H+] can be achieved for maximum activity to each reaction.

Finally, it is worth highlighting the fact that our preliminary experiments done
by traditional electrochemical techniques, i.e. voltammetry in liquid electrolyte,
showed the expected Mn instability at pH=1 due to Mn dissolution and dispro­
portionation as predicted in Pourbaix diagrams. In contrast, in experiments done
under more realistic PEM FC conditions, e.g. solid electrolyte, Mn was found to be
more stable with no significant indications of dissolution and showing promise as
an alternative inexpensive electrocatalyst in acidic conditions. This result brings to
attention the importance of testing materials in conditions as close as possible to
their final application as theoretical predictions may shy us away from trying. To
date, and to our knowledge, only a handful of studies can be found on electrocat­
alytic activity of transition metal oxides at pH values <7, whereas the vast majority
are concerned with its potential as electrocatalyst in alkaline environments.

5.5. Conclusions
This work has shown that inexpensive materials such as lithium manganates can
be used as electrocatalysts in PEM fuel cells and should provide a starting point to
the directions in which it is possible to optimize and take advantage of spinel HLMO
double functionality. Multivalent transition metals, such as Mn, have an inherent
versatility due to their capacity to take many oxidation states that result in several
different structures. This gives us the power to design material suitable for desired
applications by fine­tuning structural and electronic properties. In our case, a sim­
ple treatment such as de­lithiation/protonation can make them (more) active to HO
and OR reactions in acid media. Furthermore, these materials show structural re­
versibility which opens a window to future research on catalyst regeneration, since
a simple procedure such as reverting the fuel cell can return the material to a nearly
pristine state.
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5.A. Fuel cell

5.B. XAS set­up
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5.C. Calibration of Mn oxidation state
XANES of standards.

First derivative: Edge energy taken as first maximum of first derivative.
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5.D. EXAFS upon Nafion addition

5.E. Identification of non­spinel reflections in Elec­
trodes and MEAs

Example of an HLMOd0 sample:

Strongest reflections of likely compounds:
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Strongest reflections d sin 𝜃 (rad) 𝜃 (rad) 𝜃 (deg) 2𝜃 (deg) Compound
a 3.35E­10 0.2299403 0.23201634 13.2935569 26.5871138

Cb 2.08E­10 0.37033654 0.37937129 21.73637397 43.47274795
c 1.96E­10 0.3930102 0.40390293 23.14193324 46.28386648
a 4.89E­10 0.15752556 0.15818443 9.063300084 18.12660017

Mn5O8b 2.81E­10 0.27412811 0.27768297 15.91006219 31.82012438
c 2.35E­10 0.32778723 0.33396045 19.13452451 38.26904903
a 4.92E­10 0.15656504 0.15721184 9.007574768 18.01514954

MnSO4⋅7H2Ob 5.49E­10 0.14030965 0.14077416 8.065764975 16.13152995
c 4.88E­10 0.15784836 0.15851132 9.082029383 18.16405877
a 4.83E­10 0.1594824 0.16016632 9.176854249 18.3537085

Li2Mn2O4b 2.43E­10 0.31699588 0.32256033 18.48134566 36.96269133
c 2.00E­10 0.38515 0.39537036 22.65305276 45.30610552
a 4.76E­10 0.16182773 0.16254252 9.313000214 18.62600043

LiMn2O4b 2.49E­10 0.30935743 0.31451724 18.0205105 36.041021
c 2.06E­10 0.37393204 0.38324501 21.95832169 43.91664338

Phase identification:

Peak 2𝜃 2 𝜃 (rad) 𝜃 sin𝜃 sin2𝜃 d(hkl) ID
1 16.51 0.288154 0.144077 0.1436 0.0206 5.36499E­10 MnSO4⋅7H2O
2 18.02 0.314508 0.157254 0.1566 0.0245 4.91869E­10 MnSO4⋅7H2O/Mn5O8/Li2Mn2O4/LiMn2O4
3 18.7 0.326377 0.163188 0.1625 0.0264 4.74133E­10 Spinel LMO
4 26.37 0.460243 0.230122 0.2281 0.0520 3.37709E­10 Graphite
5 31.88 0.556411 0.278205 0.2746 0.0754 2.80486E­10 Mn5O8
6 36.48 0.636696 0.318348 0.3130 0.0980 2.46104E­10 LiMn2O
7 42.12 0.735133 0.367566 0.3593 0.1291 2.14362E­10 Graphite
8 44.4 0.774926 0.387463 0.3778 0.1428 2.03869E­10 Graphite/Spinel LMO
9 54.59 0.952775 0.476388 0.4586 0.2103 1.67978E­10 Unknown
10 65.07 1.135686 0.567843 0.5378 0.2892 1.43228E­10 Spinel LMO
11 77.46 1.351932 0.675966 0.6257 0.3914 1.2312E­10 Spinel LMO

5.F. FC under constant voltage conditions
HLMOd0­029 and HLMOd0­013L vs. Pt fuel cell using a constant voltage program
to approximate to near short­circuit conditions.
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