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Abstract:

This dissertation thesisrevolves around hydrogen economy anehergystorage
electrochemicasystemsMore specificallyit investigates the possibility of using magnetron
sputtering for dposition of efficienthin-film anode catalyst&ith low noble metal content
for proton exchange membrane water electrolyideEdM-WESs)and uritized regenerativéuel
cells (PEM-URFCs) The motivation forthis research derives from the urgent need of
minimizing the price of mentioned electrochemical devitenild they enter mass production.
Numerow experiments were carried out, correlating the actuedlinperformance with the
varying position of thifilm catalyst within the membrane electrode assemblth the
composition of higksuface support sublayer and with the chemical structure of the catalyst
itself. The wide arsenal of analytical methods ranging from electrochernigedance
spectroscopy throtumgscanning electron microscopy to photoelectron spectrosdiopyed us

to describeomplexphenomenaehinddifferentobtainedefficiencies Consequent systematic
optimizations led tahe design ofnovel PEM-WE anodethin-film iridium catalyst with
thicknessof just 50 nm, supported on optimized Ti@sed sublayewhich performed
similarly to standardcounterparts despite using just a fraction of their noble metal content.
Moreover, the novelanode thin-film bifunctional Pt/TiC/Ir sandwiclike PEM-URFC
catalyst yielded 41.86 % roundtrip efficiency in comparison ta8.60 % given by a
combination of dedicated high loading devices.

Keywords:hydrogen economy, PEM water electrolyzer, PEM regenerative fuel cell, thin
film deposition, lowloading catalyst
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Preface

The Nanomaterials Groufed byprofessor Matolinstudies novel catalytic materials

not only from basic research or model system point of view but also from the
standpoint of potential application. Similarly, tkiissertation thesiwhich deals with
thin-film catalysts for proton exchange membrane watectrolyzers and unitized
regenerative fuel cellis conceptuallyplaced somewhere between research and
application.

It should be noted that although as a group we have haetdamgexperience with

fuel cell technologies, the field of water electrolszand regenerative fuel cell was
quite new to us. Results presented herein are an outcome of continual woek over
period of four years and they shoaldobeperceivedas suchThe experimental setup

has been systematically improved, measuring proceggespriately modified and
certain utility components of cell assembly were replaced by more fitting counterparts.
Nonetheless, every set of individual comparative experiments was carried out with
utmost precision keeping all relevant parameters consteaningthat every major
upgrade was always done only after completion of the comparison.

It is said that'the way is the goal Hopefully, in accordance to this philosophy, the
experience and knowow gained froma combination of systematic reasoning and
"trial and errot approach will prove to be equally valuable as the experimental results
themselves.

The presented doctoral thesis contaiesultsand formulationghat are or will be
published in the following sentific papers:

P. Kvag , A. Os t r o vkéalakhan, R. [Riala, G Skélp, Nk Tsud,8V, I .
Matolin,

Magnetron sputtered Ir thin film on TiBased support sublayer as Kvading anode

catalyst for proton exchange membrane water electrolysis

Int. J. Hydrog. Energy41(2016 1512415132 doi:10.1016/}.ijjhydene.2016.06.248

P. K¥%g, A. KPatakhankhY. | Kosto, B. Gmz2d,
Magnetron sputtered thifilm vertically segmenteBt-Ir catalystsupported on TiGor

anode side gbroton exchange membrane unitized regenerative fuel cell

(manuscript in preparation)

I n addition to the publ i c a tautbond follovengt i on e ¢
scientific works:

I . Khalakhan, A. Choukour oW,V.MatolinVor ok ht a,
In situ electrochemical AFM monitoring of the potentigpendent deterioration of

platinum catalyst during potentiodynamic cycling

Ultramicroscopy187 (2018) 6470.doi:10.1016/j.ultramic.2018.01.015
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durability test using EG\FM,

Electrochim. Acta245 017) 760769 doi:10.1016/j.electacta.2017.292
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1. Introduction

It is now year 208 and it is evident, more than ever, that we live in Anthropocene.
The epoch during which the very geology, ecosystem and climate of planet Earth are
being notably altered by the human civilization. Matgim that these alterations are
mostly negative. Defrestation brings certain species to the brink of extinction,
overfishing and ocean pollutiaa responsible for drastic coral reef declii¢, even

the soil samples themselves contammambiguous traces of industrial origin such as
elemental aluminum, concrete or plas{g But most crucially, increased emission

of greenhouse gases, mainly from burning of fossdlsiunot only pollutes the
atmosphere but also causes its continual warming on the globdleVvEdking all of

the aforementioned into accouittis clear that planet Earth is now fundamentally a
very different place to what it was in Holocene, merely a hundred years ago.

Even though tl sentences above sound grtire 215 century is alsa time when
humanity as a whole is not only widely aware of its impact on the face of the Earth but
strives to take constructive action to remedy the negative impdotserous states

sign internationlatreaties, such athe Kyoto Protocol or Paris Agreemeft][5],
pledging to reduce greenhouse gases emissions in order gatmigjlobal warming

and avert further dangerous anthropogenic interference with the climate system. To do
so, most of the developed countries are progressively leaning tothanatdization

of renewable energyt is not just an altruism, it is a necegsRecenstudies estimate

that world reserves of coal can last for about 100 years, crude oil and natural gas for
less than 30 yeaf6]. As such, calldr diversification of energy sources and reducing
thereliance on fossil fuels echo#soughout the society. Coal and natural gas power
plants are being replaced by solar panels and wind turbines, div®@exhausts gases

are subject tatrict regulatios andthe presence of hybrid, electric or even hydrogen
cars on the streets is langera fiction.

Clearly, much has been done durihglast few decades, yet the ultimate goal rergain

the absolute transition from fossil fuels to the decarbonized evpnm order to
achieve this, novel technologies have to be implemented, capable of not only efficient
power generation from renewables but also its potential conversion, storage and
distribution. In another words, the generation of castvea energy isyst half of the
picture, the othehalf is havinganadequate energy carrier (or energy vector) apt for
substituting oil and gas. One tife possible solutions addressing these issudiseis
concept of secalled hydrogen econonjy].

1.1. Hydrogen economy

The idea of using hydrogen as an ultimate alternative to the fossil fuels was proposed
in the first half of the 20 century. The outlinesf this concept were set out in 1923

by British scientist and Royal Society Fellow J.B.S Haldane during his lecture, titled
Daedalus or Science and the Future, at Cambridge Univé8§i8]. In his talk he

stated that it is axiomatic that the exhaustd Earths coal and oilfields is a matter of
centuries and that humanity will have to switch to intermittent but inexhaustible
sources of power, the wind and the sunlight. The surplus power would be used for
electrolytic decomposition of water into hydrogen and exy@water electrolysis).
Haldane proposed liquefying the hydrogen and storing it in vast vajacketed
underground reservoirs. On windless days with insufficient sunlight, the hydrogen
would be converted back to electricity, either in combustiowen d/namos or in

3



oxidation cells (later known as fuel cells), in order to provide continual power to the
grid. Hydrogen would also serve as a fuel in automotive industry and transportation in
general. Thigdaldané nowfamous lecture and many other ideas edrmim the title

of "perhaps the most brilliant science popularizer of his genetdtidh

Now, nearly 100 years since its first mention it is safe to say that hydrogen economy
is not just scifi but it is slowly yet steadily becoming realitynot too different from
Haldanés vision. After all, usirg hydrogen asa universal energy vector offers
numerous advantages. It has zero carbon footprint, provided it is created via water
electrolysis powered by overproduced electricity from renewables. The raw material
for this electrochemical production is watwhich is in high abundance. Also,
hydrogen has higher specific energy (energy per unit mass) than most fuels
conwentionally used today (see Tdl).

Energy density of common fuels
Fuel Specific energy [MJ.kg?!] | Energy density [MJ.m]

Crude oil 42 37000
Gasoline 46 35000
Coal 32 42000
Methane (gaseous) 53 38

Hydrogen (gaseous) 120 10

Hydrogen (liquid) 120 8700
Methanol 21 17000
Ethanol 28 22000

Table 1: specific energies and energy densities of conventionally useflLijels

Understandably, there are several counterargusagatinst the feasibility of hydrogen
economy, mainly concerning storaged transportation. It is argudbdat gaseous
hydrogen has low energy density (energy per unit volume) and that there is no
dedicated transport infrastructure. These problems canvieoweovercome If the
relative B concentration is keptithin arange of 36 - 15 % (volumetrically)it can

be transported im mixture with natural gas through existing pipelines without any
significant modificationd12]. If significant improvement in energy density is the
priority, hydrogen can be either compressed or liqudfigfl Alternatively, it can be

even bonded to solid hydrides or liquid orgamydrogencarriers (LOHC)[14][15].
Moreover, LOHC in particular offers some additional benefits as it can be transported
by tank trucks similarly to gasolinen kimilar fashion it can also be stored in existing
gas statiois underground reservoirgrior to being converted back to pure gaseoys H
shortly before refuelingfuel cellpowered vehicl¢16].

Speaking of transportatiomany successful examples already existhydrogen
powered buses producing zero greenhouse emissions, currently operating in major
European citiefl 7][18]. In Lower Saxony, the first hydrogen train has completed its
test run and is being set up for servjt®]. Several car manufacturers are already
offering or are close teeleasing fuel cell car20][21][22][23][24]. Hydrogen fuel

cells found their use also in scooters and industrial forklfg[26]. High specific
energypredetermines hydrogen for its use in aerial applications such as remote drones
or even larger propeller airplan@3][28]. Besides transportation, fuel cell technology
also penetrates other markets such as portable electronics and uninterruptible power
sourceg29][30].

L LHV (lower heating values)



Figure 1: potentiahpplication of H fuel cellsranges from transptation to portable
electronics

But eventually the whole concept of hydrogen economy is only as green as the
production of hydrogen itself. Consideritigat most of it comes from natural gas
reforming, paitl oxidation of oil or coal gasification, the use of stidinty hydrogen

in green emissioAfree technologies isonsensical. The goal is to u$elean
hydrogeri created via water electrolysis, powered by electricity coming from
renewable sources. Indtpresent day, unfortunatebynly a tiny fraction of hydrogen
produced worldwide comes from water electroly3iH.

u Electrolysis Coal mOil m Natural gas

Figure 2: world H production breakdown

This is hopefully going to change with the talke of next generation, coesffective

wind turbines and solar panels. Coupling them with water electrolyzers and fuel cells
would achieve two goals at the same tir@stly, coupling would help to overcome

the major problem of solar and wind, the intermittency of generated fee®iFig

3). The electrochemical generation of hydrogen and subsequent reconversion back to
electricitywould serve as a buffering mechanig3]. Undercertain circumstances,
such saip proves to be much more beneficial than coupling with modern batteries
[33]. Secondly,should the solar and wind power plants be installed in sufficient
numbers, the surplus energy could generate enough clean hydrogesiderrange

of otherabovementioned mobilapplications.
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Figure 3: left- volatile nature of wind and solar output in Germany during June 2012
[34]; right - buffering mechanisnior electrical gridusng hydrogen as energy vector

It is obvious that the backbone of hydrogen economy are efficiently wovkamey
electrolyzers (WEs)(i.e. devices, which use electrical power to drive electrochemical
water splitting into hydrogen and oxygen) dnél cells (FCs) (i.e. devices, which
generate electricity through direct electrochemical reaction of hydrogen and oxygen).
Ultimately, the most elegant and optimal solution would be to have hybrid ddahiees,
so-called unitized regenerative fuel cells (URFCs)camble of operatig in both
"electrolyzet and"fuel cell' regimes.

Among many differentypes of FCs, WEs and URFQGBe most perspective ones are
arguably thosaetilizing the proton exchange membraiYeEM-FCs, PEMWES and
PEM-URFCs.A major drawback of these devices, currently hindering their wider
commercialization, isheir dependence on noble metalhich are necessary for
catalyzing the redox reactions. As such, it is of utmost importance to reduce their
amount without significantly deterating the performance and efficiency of the
devices.This dissertation addresseshe abovementioned problem and sets the

goal of preparation and characterization of a novel thin-film, low-loading
catalysts for PEM-WEs and PEM-URFCs. The targets of ththesis areutlined in

more detailed@ontext later in the text after giving the necessary deeper insight into the
technologies of PEMFCs, PEMWEs and PEMJURFCs.

1.2. Proton exchange membrane fuel cell (PENMIC)

The fwel cell, a device whickelectrochemically converts chemical energy of a fuel
directly into electricity was first built in 183935]. In this year William Grove and
Chridian Friedrich Schonbeiarried out an experiment in which they submerged
pair of bottomup oriented test tubes into diluted sulfuric acid (electrolyte), the test
tubes were filled with oxygen and hydrogen and contained platinum electrodes within.
Grove and Schonbeinthen conneted multiple of such saips (each generating
approximately 1 V) into series and put the end wires into the flask of water. They
observed the electrolysis of water; a proof of generated electrical current.

2 unlike e.g. combustion engines which convert chemical energy to heat and motion and

alternatively/eventually to electricity, resulting in lower efficiency

6
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Figure 4: firstdemonstration of hydrogen fuel cell

The current was generated as the volume of gaseous hydrogen and oxygen in the test
tubes was being reduced in 2:1 ratio, hintiteg the exergonic (spontaneous)
electrochemical reaction:

CO 0 ©°cCO0 i Q4 MW Qi "Q1.229Vvs. SHEatSTP (1)

This overall reaction can be broken down into two spatially separated reactions
considering acidic electrolytd&he hydrogen oxidatioreaction (HOR), taking place
on anode:

¢OO 10 1Q (0Vvs.SHE atSTP (2)
And oxygen reduction reaction (OER), running on cathode:
0 T1TO 1Q ©° 00 (+1.229V vs. SHE at STP) 3

Electrons, created on anode, are flowing through the electrical circuit to the cathode,
capable of doing work. Hons (i.e. protons), on the other hand, are passing through
the electrolyte.

Nearly 180 years since the first demonstration of the fuel cell working prin@iple

that time aptly called gas voltaic battery) the technology has advanced significantly.
Although Grove andschonbein proved the functionality of fuel cell using hydrogen
and oxygen, in principle various other hydrogmontaining substances and oxidizing
agents can serve as fuel, provideatsuitable electrolyte and catalysts are used. As a
result, in present dayve distinguish several types of FCs, differing in electely
material, catalysts, used fuel, operating temperaturg3&ic.

Closest to the wider commercialization are arguably the hyd#fmgemproton
exchange membrane fuel cells (PH@s) [37]. As the name suggests PERCs
(sometimes referred to as polymer electrolyte membrane fuel cells) rely on solid state
ion-conductive polymer to serve as electrolyte. Major advantages that mak&eG&EM

3 relative to SHE (standard hydrogen electrode) at STP (standard temperature and pressure) of
25 °C and 1 atr{b8]



stand out in comparison to other types of fuel cells atagethe drawbacks of this
technology are summed up in Talbélow.

Hydrogen-fed proton exchange membrane fuel cells
Pros Cons
Quick start up Expensive Rbased catalysts
Low temperature operation Purity of fuel
Solid electrolyte (easy management)
Wide load range
High power densities
Table 2: pros and cons of hydrogen PEMFCs

The basic scheme of hydrogen fueled RE®Isingle stack is shown in Fig.

e

m—— E—)

Proton exchange membrane (PEM) Current collector / flow field

Anode - Cathode +

Microporous catalytic layer (MPL) Gas diffusion layer (GDL)

Figure 5: crossection of hydrogefied PEMFC

PEM-FC is constructed in sandwidike fashion, withananode an@cathode on sides
and witha proton exchange membrane (PEM) in the middle. Hydrogen is introduced
totheanode for HOR and oxygen (either pure or simply in aithéezathode for ORR.
What differentiates it from other types of cells is the soliddonductive membrane,

the PEM.The most widely used PEM iNafion, developed by the E. I. DuPont
Company. These membranes are producedopplymerization of a perfluorinate
vinyl ether comonomer with tetrafluoroethylene (TFE), resulting in the chemical
structurg[38]:

—[(?FC Fo)(CF2CFo)p]—
OCE,CFOCH,CFS03H

CF; @)



Upon hydration of the Nafion membrane, 3/ to H" bond considerably weakens

and hydrogen ions become mobile, leading to ionic conductivity of the PEM. More
details about the Nafion and other perfluorinated polymer electrolyte membranes can
be found in39].

Another key component of the PERC is the gas diffusion layer (GDL). The GDL is

a porous electricallgonductive medium which allowthe fuel to permeate from its
outer side to the inner side where it meets the PEHM.nost common materials used

as GDLs are carbon cloth and carbon paper.

The most crucial part of the cell is the intex¢ between GDL and PEM, the area where
the catalyst is dispersed; here the individual-hedictions take place. This interface is
calledthe triple phase bounddr¢gTPB). The TPB has to satisfy multiple conditions
should the overall reaction run contiusty. The catalyst within has to be sufficiently
dispersed to maximize its specific surface and the electron and ion conductive
pathways realizing transportation ofamd H have to be present. In order to achieve
this, nanoparticles of catalyst are usually supportedaonigh-surface carbon
nanopowder mixed with ionompt1], forming the microporous catalytic layer (MPL).

The mixture of catalyst, its higburface support and ionomer is either carried on the
inner side of GDI_creating gas diffusion electrode (GDdt)is directly spread over

the PEM, resulting irthe catalyst coated membrane (CCM). Regardless of which
variant is used, the supported catalyst ends up being in between GDL and PEM (see
Fig. 5).

Sinee the PEM requires hydration to be functional and one of the overall résaction
products is HO, it is obvious that water management of the cell is of great importance
[42][43]. Therefore, acertain amount of polytetrafluorethylen (PTFE i.e. Teflon) is
often introduced to the TPB and/or on the surfafc@&DL.

As stated in the Tal2, the main drawback of PEFC technology, currently hindering

its wider commercialization, is the reliance on noble metal catalysts; more specifically
platinum. Decades of research and development have proven that thieom
electrochemical point of view platinum is the optimal choice for both HOR and ORR
[44]. It is able to adsorb the reactants strongly enough to facilitate a reaction but not
so much that the catalytic site becomes blocked by the products. In addition, it is stable
enough to withstandansh operational conditions of the cell such as pH between 2 and
3, temperature around 80 °C and high applied voltage. UnfortunBtebelongs to

4 this term has its agins in era of early fuel cellshich utilized solid electrodes, liquid

electrolyte and gaseous fuel, hence three phases are entering the reaction

9



the least abundant elements in the Esdtust which is reflected in its pri¢45][46].
Based on several studies, the cost of electrocatalyst represents rou§bfs 20 the
PEM-FC staclks price (depending on its size and output powdrj]. Although
significant Pt loading reduction has been achieved theslast couple of yearghe
amount of noble metal still needs to be decreasedake PEMFCs economically
viable. To do so, various approaches are being proposed, including further
enhancement of Pt dispersion on hgyhiface suppor{gl8][49], alloyzation of Pt with
nonnoble metals and creating ceskell structureg50][51] or incorporating Pt
nanoparticles within the transition metal oxides such as (&2D

1.3. Protan exchange membrane water electrolyzer (PEMVE)

The oots of first experiments regarding water electrolysis go back to 1800, when
William Nicholson and Anthony Carlisle used voltaic pile (invented by Alessandro
Volta in the same year) fdhe splitting of water into hydrogen and oxygg3].
Electrochemically speaking, water electrolysis is an endergonic (nonspontaneous)
reaction, i.e. energy is absorbed:

CO0 MOwi £1WEANNOCQ® U (+1.229 V vs. SHE at STP) (5)

Considering acidic electrolyte, the overall redox reaction consists of twe half
reactions. Oxygen evolution reaction (OER) on anode (oxidation):

¢O0UO 0 T1TO 1Q (+1.229V vs. SHE, at STP) (6)
And hydrogen evolution reaction (HER) on cathode (reduction):
¢O ¢Q ©°0 (0Vvs.SHE atSTP) (7
Although, the most established and well matured method for electrolytic hydrogen
production at a commercial level &@kaline water electrolysifb4], other modern
technologies are starting to take over; most notably proton exchange membrane water

electrolyzers (PEMNES) [55]. Advantages and disadvantages of REBMS in
comparison to alkaline and other types of electrolyzers are listed in the table below:

Proton exchange membrane water electigzers
Pros Cons
Dynamic operation Expensive Pt and Ir based catalysts
Low temperature Purity of water
Solid electrolyte (easy management) | High anodicgpotentials
High current densities Possible low durability due to corrosic
High gas purity

Table3: pros and cons of PEWESs

5 thanks to carbon black support, typicalble metaloading for cathodand anode has been
lowered from several mg.chdown to 0.5 to 0.3 mg.ch{37]
6 DOE target for 2020 is set to 14k¥V [66]
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Clearly, thepros and cons of PEAWE technology somehow mimic the attributes of
PEM-FCs. This is to be expected, after all PEWIE and PEMFCs share many
similarities. However, there are also some key differences. Simgiflesme of PEM
WE single stack is shown in Fig.7.

Standard carbon current collector / flow field

—

Corrosion resistant current collector / flow field

- —

Standard carbon based gas diffusion layer (GDL)

— —

Prot;:l exchange membrane (PEM)

Cathode - Anode +

Microporous catalytic layer (MPL)

Ti based gas diffusion layer (GDL)
— —

Figure 7: crossection of PEMWE

The cathode side of the PEWE cell includingthe membrane does not differ much
from the anode of the PEMC. Sure, the Hflow goes, in case of PEIWE, outwards

from the PEM but the GDL structure and Pt catalyst are basically the same. On the
other handtheanode side of PEMVE does not resembtie cathode of the PENFC

at all. The most apparent difference is the absehp&bnum.lIt turns out, Pt is not

the optimal catalyst for OER. The statkthe-art catalyst is Ir, Ir@respectivel\y{56].
Unfortunately, Ir is even less abundant in the Eadtust than Pt, about an order of
magnitude less to be precigé].

1w ——tF——7—+—r—+—1+—

Rock-forming elements

T T T ™
I""l i D |

Major industrial metals in red Rh
Precious metals in purple
Rare earth elements in blue Rarest "metals" Ir
1 ) SSN ENPUN N NS N S NS ST ST

10 20 30 40 50 60 70 80 90

L AL AL AL Bl R AL L AL L B

Abundance, atoms of element per 10° atoms of Si
(]

Atomic number, Z
Figure 8: Abundance of selected elements irEeHs crust[45]
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Evidently, this represents a great obstacle to potential pradsiction. In addition,
reducing the amount of Ir on anode of PEME proves to be more challenging than
lowering the loading of Pt on cathode of PENE or on both electrodes of PENMC.
The OERskinetics is slower compared to HER and as such more catiglysinding
[57]. What complicates the matter even furthethishigh anodic potential, present
during the operation of the PEMWE cell. This potential, typically inrange of 1.5V
to 2 V vs. SHE during agration, causes rapid carbon oxidatj68][59], rendering
carbon nanostructures inapplicable:

0 ¢O0O 60 TO 1Q (+0.207 Vvs. SHE at STP) (8)

In other wordsneither carbon paper nor carbon cloth can serve as GDL and carbon
black cannot be used as higlirface catalyst supparA notable part of the R&D in

the field of PEMWE is therefore dedicated to findirgmaterial apt to substitute
carbon. It obviously has to be electrochemically inert to withstand high anodic
potential and sufficiently conductive to allow electron transfer.

Various Ti based meshes and felts can serve as GDFEi(se®. Even though during
PEM-WE operational conditions Ti does not comodnd decay as C does, it
electrochemically forms a Tgdayer on its surface which is nonconductive. Therefore,

Ti components have to be additionally treated or coated in order to avoid this oxidation
(usuallywith athin layer of gold).

Regarding the OER catalyst itself, it can be unsupported, i.e. simply mixed with
ionomer and spread edhemembrane or GDL. In order to achieve desired efficiencies
however, the loading has to be vergtiseveral mg.ci) [55].

Lowering the anount of such unsupported catalyst or attempting to increase the extent
of its dispersion does not lead to much improvement. It was previously demonstrated
that certain loading threshold of unsupported catalyst can be determined (0.5°mg cm
in case of IrQ) below which the percolation of particles and hence the electron
conductivity is insufficient and performance considerably wor$&@p In order to
further cut down the amount of iridiunthe usage of suitable catalyst support is

7 it should be emphasized that usage of these carbon nanostructures was a pivotal factor,

allowing for considerable Pt reduction in PERCs without their significant efficiency deterioration
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reportedly inevitablg61]. Generally speaking, metal oxides exhibit good corrosion
resistance, their electric conductivity is poor though. Nonetheless, materials such as
TiO2[62], ITO[63], SnQ[64], or tantalum oxidg55] were successfully used as anode
catalyst supports. Systems with catalyst dispersed on metal oxide yielded better in
PEM-WE performance in comparison to pure unsupported counterparts with the same
noble metal loading. The conclusion is that to a certain extent conductivity of well
dispersed catalyst alone is sufficient enough to ensure low ohmic resistance of
catalystmetal oxide layef62]. This however ceases to apply once the catalyst loading
is significantly decreased and conductive percolation path disintegrates.

To sum up, the structure of PEWE is quite similar to that of PENFC, yet there are
some crucial differences, due to the high operational potential of OER. Increasing the
efficiency and lowering the catalyst loading in PENES is therefore mainlha
guestion of optimizing the anode sidetioé cell.

1.4. Proton exchange membrane unitized regenerative fuel cell (PEM
URFC)

The concept of Hydrogen economy is built around the idea of repetitive conversion of
surplus energy to hydrogen and eventually back to electricity. Dedicated
electrochemical devices for individual processes, HFEMand PEMWE, were
thoroughly described iprevious sections. The prices of noble metal catalysts and
bipolar plates have been identified as a main obstacle should these technologies enter
mass production (see FitQ) [66].

1000 systems/year 500 000 systems/year

5%

m Bipolar plates m Membranes m Catalyst GDLs m MEA frame / gaskets H Other

FigurelQ: breakdown of PEM-C stack cost at 1000 and 500 000 systems per year
(price ratios of PEMWNVE components are expected to be quite similar)

Merging PEMFC and PEMWE cells into one unctional device would significantly
reduce the costsn applications where these two systems work in close synergy,
predominantly inthe balancing of renewable energpwered electrical grid. Such
device capable of both regimes of opiena water splitting as well as power
generating, is called unitized regenerative fuel cell (URFC).

8 not only the costs of catalysts and bipolar plates butalsther parts of the cell sintkeir

numberbasically get reduced to half
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Even though the first concepts of PEMRFC were put forward in the early sixties of

20" century, the development and constructioawfiversal device wiah would rave

equal performance and routrip efficiency as coupled statd theart PEMWE and
PEM-FC remains a challengé7].

By definition PEMURFC needs to execute four different redox reactions, namely
HOR, ORR, HER and OER. Three of these reactions can be effectively catalyzed by
Pt (HOR,ORR and HER), OER however require$ Trhe question therefore arises

how to arrange the cell in order for it to function both ways, or in another words, which
PEM-FC reaction should run on the same side as OER. Principally, there are two
possibilities: A having HOR/HER on one side, ORR/OER on anotherdhtl Q
electrode configuration); @ having HOR/OER on one side, HER/ORRtba other
(oxidation and reduction electrode configuration). For more detail, refer td Eig.
ConfigurationA keeps the samgases on same electrodes during both regifriess.
obvious advantage of this concept is much simpler gas management. On the other
hand, ORR and OER, both of which are in terms of kinetics slower reactions of
individual regimes (so to say bottlenecksha overall reactiols rate), are kept on the
same side of the cell. As such, additional high demands are put staliléy and
reliability of bifunctional IrPt based catalyst, as its potential defectiveness would
majorly affect the URFC functionalityConfigurationA seems to be the mainstream

of current R&D[68][69][70]. ConfigurationB pairs OER with HORa slow reaction

with relatively fast one (in similar fashion HER and ORR are paired on the other side
of the cell). Tke electrodes do not change their redox role, anode stays anode and
cathode stays cathodEhe dwnside of this variant is the neéat gas line purging

prior to the PEMWE/PEM-FC regime chang7][71][72].

Configuration A Configuration B

WATER ELECTROLYZER OPERATION

- mm =,
e mm -

4H* + 4e” — 2H, 2H,0 — 0, + 4H* + 4e 4H* + 4e — 2H, 2H,0 — 0, + 4H* + de-
Cathode - Anode + Cathode - Anode +
R o o S -
Pt « > Pt+ir Pt « > Pt+ir
] . \\
| Anode - Cathode + Cathode + Anode - 1
: 2H, — 4H* + 4e 0, + 4H* + 4e" - 2H,0 O, + 4H* + 4e" — 2H,0 2H, — 4H* + 4e- :
1 [
\ FUEL CELL OPERATION J
L -
H; electrode ! O, electrode Reduction electrode ! Oxidation electrode

Figure 1. different PEMURFCelectrode configurations
lefti H2and Q electrode configuratign
rightT oxidation and reduction electrode configuration

® now for simplicity considering staief-the-art, established catalysts (Pt and Ir); not novel,

experimental ones
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Needless to say, whichever reaction gets to run on the same side as OER (HOR or
ORR), its Pt catalyst has to be supportedh@same corrosion resistant material as Ir
catalyst, since high potential during PBMVE regime cannot be avoided. Same
measures apply for GDL/current collector and electrode back plate.

Another important factowhich hago be taken into consideratiorhen designing the
PEM-URFC cell is the hydrophobicitynd hydrophilicity of component®rming the
MEA. Certain compromise has to be found particularly on the bifunctional side of the
cell, where OER favors hydpbobicity, yet ORR or HOR run better in hydrophobic
environment. An ideal ratio of PTFE and Nafion within the microporous catalytic layer
has to be established in order to ensure sufficient efficiency of both reg@8jns
Tuning of the pors size and distribution has significant effect as well. Also the
membrane itself has to be subjéatcompromise; dedicated PEMC membranes
operate under relative humidity of about®0the PEMWE membranes are however

in full contact with watef43].

Considering the bifunctional catalyst itself (regardless if in cardr conf.B), there

IS no unanimous opinion on whattl ideal distriaition and ratio of Ir and Pt within

the MPL.Numerousresearch groupsxperimented with different agis. To name a
few, Pt sprayed on GDL and Is@n top of Pt or Pt on membrane andJidh GDL

[74]; multilayered PirO: structures, segmented chessbddel structures and one
layer composite Pt+Ir©structureq75], alloyed R-Ir layer and simple nanoparticle
mixtures[68]. Different studies often seem to contradict each other in terms of ideal
distributiony regarding the ratio though the straightforward rule of thunmhose Pt to
promote HOR/ORR of PENFC regime, more Ir to promote OER of PBVE regime.
Additional in-depth insight into various tested ratios and configurations can be found
elsewherdg67][76][56].

To sum upPEM-URFC isstill clearlysomehow immature technology in comparison
to PEMFC and PEMWE and intensive R&D has to continue in order to broaden the
knowledge base. Due to the high price arahyunresolved technological challenges,
PEM-URFCs are currently limited mainly to aerospace and military applications.

1.5. Performance ad efficiency of PEM-FC, PEM-WE and PEM-
URFC

Talking about the efficiencies dhe aforementioned electrochemical cells can be
ambiguousDifferent definitions and wordgare often used in literature, resulting in
undesirable incomprehension when comparing results of several sources. Therefore, it
is sound to briefly go through essential basics to avoid confusion.

Thermodynamic efficiency of anyelectrochemical device is the ratio betwé&shbs

free energy "O(the maximum extractible vyorla)ndenthalpyV'O(the heating value)

9)

‘<¢| <

Reversible cell voltag® is defined as:
0O (20)
Where ¢ is the amount ofransferred electrons ari® wo@ T $& € & is the
Faradals constant. In case of water formatiom (liquid form) the YO
¢ of dQ& £ a (at STP) and  ¢. Hence the reversible voltage for hydrogen

fuel cell at standard conditions@s P& ¢ @. This is the maximum voltage which
can in theory be obtained from the electrochemical reaction ahti Q.

y
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The asumption thatll of hydrogefs chemical energy (i.e. its heating value) was
converted to electric energy (although this is not possible) would lead to the
thermoneutral voltage:

|

0O
Taking the higkr heating valugHHV) of hydrogen into consideratiofO
¢ @ Q& ¢ a (at STP), the thermoneutral voltage for hydrogen cell at standard

conditions isO P8 Y@
Putting equations (9) (10) (11) together, the maximum thermodynamic efficiency of
hydrogen fuel cell at standard conditions can be calculated as:

- = — uebr (12)
Since hydrogen fuel cells practically never operate at room tempétaance at
reversible potential, it is convenient to be able to calculate efficiency at any given cell
voltage and temperature.
If the inputs are the imgntaneous voltage of fuel c&l and enthalpy athe given
temperaturé”O , equation 9) takes the form of:

(11)

- 7 (13)
y
Considering water splitting at voltag® instead of water formation, the efficiency
— is given by:
y
- (14)

To demonstrate a practical example of efficiency calculation, let us imagine//PEM
operating at 80 °C the IV cur¥ef which is plotted in Fig. Z:

Cell voltage [V]

21 T
2.0 T
1.9 T °

1.8 T °

1.7 + mmmmmee -9
1.6 + e * :
1.5 + :

14 +

13 —ttt

-100 0 100 200 300 400 500 600 700 800 900 1000 1100

Current density [mA.cm2]
Figure 2: example of PEMWE IV curve

10 hoth Y"OandY'Oare temperature dependent

L also called polarization curve
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To calculate the  at current density 0b Tt dt 6&0 & , we need the corresponding
operational voltage (in this cage p& w) and the high heating value of hydrogen
at 80 °C, which can be found in chemical tables (in this c¥&@

¢ Yar TQ& £ &). Using relation(14), the calculated PENIVE efficiency is
- e .
Now let us consider the PEMC operating at 80C and performing as plotted in
Fig. 13 Analogically, to obtain the efficiency at current density af Tt dt 680 &
the necessary inputs are the operational voltaQe ( T®w) and the HHV of
hydrogen at 80 °CY(O ¢ Y8r tQ8 £ &). Using relatior(13), the calculated
PEM-FC efficiency is- TR .

Cell voltage [V]
1.1 T

1.0 + ®

0.9 + °

0.8 4 °

0.7 4 ®

0.5 - [ ]
04 | | °

03 | |

o2 { 4+ 4+ o+ ¢
-100 0 100 200 300 400 500 600 700 800 900 1000 1100

Current density [mA.cm2]

Figure B: example of PEM-C IV curve

Overall roundtrip efficiency of coupled PEMVE and PEMFC is— - -
o & dr . If the water electrolyzer and fuel cell operate at the same tempé&iatuze
HHV is the same for both partial efficiencies, hence the rdatpcdefficiency can be
calculatel simply as:

- — (15)
It is now obvious that in order to increase the rotrp efficiency, the PEMWE
would have to operate kiwer voltages and PEMC at higher voltages. This would
however inevitably lead to the lower input and output power densities (Power density
= Current density x Cell voltage) as seen on individual IV curves. Since water
electrolyzer is supposed to readdgnverta high amount of surplus electricity to
hydrogen, operation at lower power densities (albeit higher efficiencies) would have

to be compensated by larger active surfacetheimembrane electrode assembly
(MEA): same goes for fuel cell power outgi higher efficiency).

2 or unitized regenerative fuel cell operates at the same temperature in both regimes
B PEM, catalyst layers (anod@d cathode), and GDlogether form théVIEA
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This further justifiesthe researches high determination in finding low-loading
effective catalyst since the higher price of cells withlarger active area is
predominantly due to the amount of noble metal within (considering mass production
of these devices).

1.6. Thesis motivation and targets

The pevious chapters comprehensively introduced the HEM, PEMWES and
PEM-URFCs. Theseystems are undoubtedly highly relevantiecontext of modern
self-sustainable, renewablesiented society. The R&D still faces numerous
challenges, which have to be solved prior to the mass market entry of mentioned PEM
technologies. Noble metal catalyst reduction tops the list of most crucial issues.

In our previous researct the Department of Sade and Plasma Science, the studies
were focused primarily on fuel cells. We obtained several interesting results
concerning novel Pt looading materials for the anode and cathode side of-PEM

and published them in high impact factor jourr{di3|[48][52][77][78]. Recently we
have turned our attention to PEWIEs and PEMJURFCs. The ultimatgoal remains

the same: to prepare, characterize and test novel nanostructurddadbmg
catalytically active mirials In this work we will be focusing on the more catalyst
demandinganodeside ofthe cell. The novelty of our approach lies in utilizing thin
film magnetron sputterirt¢jfor catalyst depositiowhich offers numerous advantages
over more conventional @ethods of preparation; such as: industrial -@fictiveness

and scalabilityexcellent homogeneity of the sputtered material, ability to controllably
and reproducibly deposit very low catalyst loadings and possibility to prospectively
prepare not only pe metals but alloys and compounds as well, utilizingmattering

and reactive sputtering respectively.

The objectives of the thesis have been set as follows:
1. Construct the PEMVE / PEMURFC experimental cell and testing station.
2. Investigate the podsiities of using thirfilm low-loading catalysts (less than
0.3 mg.cn) for the anode side of the PEMWE cell (the oxygen evolution

electrode).

3. Investigate the possibilities of using tHim low-loading catalyst ithe PEM-
URFC cell.

% sputtering is thoroughly describedtite Experimental section
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2. Experimental

This chapter gives a brief insight into the working principles of experahent
techniques and methodsed during the scientific investigatighshort description of

the individual apparatuses is also provided.

Experimental catalytic layemgere prepared by means of magnetron sputtering.

The hickness of prepared layers and their roughmessdetermined by atomic force
microscopy. Surface structure was observed by scanning electron microscope.
Valuable information abouthe chemical compadson and distribution of the
specimens were obtained by enedigpersivexX-ray spectroscopy.

Chemical states of the elements within the prepared complex structures were studied
by X-ray photoelectron spectroscopy; several devices differing in energighof
source and hence probing depth were used.

Electrochemical properties and characteristics of experimental layers were
investigated predominantly-cell by carrying out potentiostatic IV measurements and
using electrochemical impedance spectroscopy. addition, threeslectron
arrangement was used for cyclic voltammetry and for electrochemical atomic force
microscopy measurements.

2.1. Magnetron sputtering

Sputtering, as a method for thin film preparation, belongs to the famyysical
vapordeposition (PVD) techniques. In its simplest foralled diode sputtering, two
electrodes are located in lggvessure atmosphere of inert working gas (e.g. Ar).
Conductive material which is to be deposited, referred to as target, is mounted on the
cathode(negative electrode). Sufficiently high voltadéferenceis applied between

the electrodes, resulting in ionization of working gas and ignition of glow discharge.
Createdons are accelerated towards cathode/target and upon hitting its surface sputter
out the material which subsequently forms a thin film on substrate located above the
target. Diode sputteringhowever suffers from relatively low efficiency of gas
ionization and therefore low sputtering yield and consequently slow film growth.

In order toovercome these drawbacks a set of permanent magnets are placed under the
cathode/target. The presenceadfagnetic field in conjunction with electric field

within close proximity ofthe target creates the salled®@ @ drift. Trajectories of
electrons(with velocity @ and charge)) caught in this drift are spirally bent bye

acting of Lorentz forcé® 1 '@ w & .Bending and prolonging dfeelectrors

flight path results in significant increase of gasization, higher density of plasma

and thus higer sputtering yield. Theodification of diode sputteringescribed above

is known asnagnetron sputtering.

Magnetron sputtering offers several undisputed advantages which makes it suitable
not only for R&D but also fomdustrialapplicationsThe nost notable is its ability to
reproducibly deposit welliefined thin films ofalmostany material that is availadin

form of the target. By introducing reactive gases ¢NQO) into the chamber during

the sputtering process, even nitride or oxide thin films can be prepared out of single
elemental targets (e.g. To TiO.). Moreover, magnetron sputtering is not lied

solely to the conductive materialgy utilizing RFpower suppliesnonconductive
ceramic materials or polymers can be deposasdwell. By operating several
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deposition sources simultaneously, alloys with specific composition can also be
prepared wih relative ease.

permanent magnets

Figure 14 simplified scheme of magnetron sputtering process

With respect to the research in tilm catalysts for PEM fuel cells and electrolyzers,
additional key factors are favoring magnetron sputtering. Firstly, direct coritrol o
plasma discharge enables to vlrgdeposition rate in a wide interval. Therefdies
thickness of resultant films can be controlled from several hundreds of nanometers
down to merely few nanometers; a necessity when studyingolasing sputtered
catdyst. Secondly, the deposition process itself is carried out at room temperature
(omitting the moderate heating up of the substrate due to flux of sputtered material
hitting its surface). As such, one can use thermally sensitaterials as substrates
without causing any damage to it. In our case the sensitive substrate would be the
proton exchange membrane.

Two recently built custom sputtering apparatuses were used for preparation of
experimental thiffilm catalysts.The snaller device is equipped withrge 2inch
balanced magnetron guns (TORUS, K. J. Leskére ®cond larger device features
three 4inch balanced magnetrons (TORUS JKLesker). Additionally, it is equipped

with aloadlock system, enabling for faster sample exchange and more precise vacuum
control. Both systems use a set of mass flow controllers for composing the working
atmosphere (Alicat, flow range from 1 sccm to 10énhsc Four power supplies (one

RF and thre®C) are available, which enaldemultaneous operation of all sputtering
sources on either of individual devices.

More information about magnetron sputtering is providgd 9.
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2.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a Rigituum method for morphological
investigation of conductive solid state sae®llt utilizesafocused higkenergy beam

of electrons to probe the surface, achieving magnifications up to hundreds of
thousands. The primary electrons, emitted by cathadeaccelerated by series of
electromagnetic lenses to several tens of keV.|&imges not only focus the beam but
also controllably bend it in order to achieve periodical scanning of the target area,
hence the name SEM. Thankgheshort wavelength of the electrons and high degree
of their focusationthe beam spot size is in rangf few units of nanometers. The
primary electrons interact with sample surface in numerous ways, emitting various
secondary particles and radiation (see Fxywihich carry specific information about

the impact area.

primary electron beam

surface
tens of nm

100-1000 nm

Hm range

Figure B: interaction of primarglectron beam with the solid sample and
corresponding interaction volume

Secondary electrons (SE) are basically a product of ionization process, induced by
primary beamThe knetic energy of SE is relatively low, less than 50 eV, meaning
the inelastic man free path is in order of nanometersfatals and tens of nanometers

for semiconductorsThis is the reason why SE mode of observation yields high lateral
resolutioni detected electrons are only emitted from the close subsurface region
directly under the spot of primary beam. The image contrast in this mode is
predominantly given by the angle under which the primary beam hits the surface. The
larger the angle of incidence, the bigger the volume of which the SE escape to vacuum
and thus higher their numar. Steep edges therefore appear brighter than planes which
are perpendicular to the primary electron beam (see 6jg. 1
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primary electron beam

Figure B: steep edges appear brighter in SE imaging mode due to larger amount of
detected secondary electrons

Backscattered elatins (BSE) are higenergy electrons of primary beam which
underwent elastic scattering on the specimen atoms. Since they emerge from much
deeper locations of interaction volume, the resolution of BSE images is less than SE
images. The BSE imaging howeyepvides valuablenformation about the elemental
composition of the sample. Heavy elements itiigher atomic number backscatter
more electrons in comparison to lighter elements. Areas richer in heavy elements
therefore appear relatively brighter.

Diff erent contrast interpretations of SE and BSE images have to be kept in mind when
observing multielemental morphologically complex specimenke test results are
obtained when using both modes simultaneously in order to minimize ambiguity.
CharacteristicX-rays are emitted when the primary beam remdlesnner shell
electron from the specimen atom, causing the vacant shell to be afterwards filled by
higher energy electron while releasing excess energy in forndmtigén radiation.

Since each element hasunique set of energy levels, thera§s generated bthe

herein described intrshell transition have specific frequenciEsergydispersive X

ray spectroscopy (EDX) is an analytical technique detection of Xrays and
measuring their energy in ordr determine the exact elemental composition of the
sample. EDX modules are commonly part of SEM apparatus.

Our setup consists of field emission SEM (Mira lll, Tescan), capable of beam energies
up to 30 keV and working distances as low as 2 mm. It is &bkimultaneously
acquire seandary electron as well as bachttered electron images. Also, EDX
module (Bruker XFlash6|10) is attached, allowing for elemental analysis in form of
spectra and maps.

More details about SEM can be found&0].

2.3. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is an ambieptessure technique for investigation of
various surface properties of solid sampledar high magnifications. Besides giving
topographical information about the specimérs also capable of measuring surface
potential distribution, local magnetization, surface conductivity and mbine.
following lines, however, only describe basicagpphic regime of operation.
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Simply put, topographic image is obtained by scanning over the sample surface with a
sharp tip, attached on a flexible cantilever. Force interaction between the tip and the
sample lead to cantilever deflections which are tooed by laser reflection on the
quadrant photodiode. Based on the diode readings, the feedback loop controls the
piezoelectric elements which adjust the distance between the sample and the tip to
keep it constant. Signal from the photodiode is at the sameesent to the PC for raw
image reconstruction.

The AFM is capald of operation in several modesffering in mean tip to surface
distance and in nature of interatomic forces being dominant under such conditions.
The ®-called Lennardlones potentialescribes the couesof tip to surface interaction

as a function of their mutual distance. When approaching the surface, the tip first feels
the longrange attractive van der Waals forces; in this region the AFM can operate in
the noncontact mode. Upon ftiver approach, the tip starts to be repellethiewcting

of shortrange Paulexclusionprinciple; here the AFM operates in the contact mode.
Arguably the most widely used is the intermittent contact mode (sometimes referred
to as tapping mode), which combines the advantaggeegfevious two regimes. In

this mode, the tip oscillates withlagively high amplitude (10 nri 200 nm) through
attractive as well as repulsive region of interaction. Intermittent contact mode does not
damage the surface of a specimen to the same extent as the contact mode and at the
same time does not suffer from igeadistortions caused by moisture as in case 6f non
contact mode. For mouetails, refeto Fig. 17.

force

L0
intermittent contact (tapping)

()

contact
repulsive forces
A 4 > distance
non-c _u-l:l_tact
/’f_ ] '"‘“\ attractive forces
i |

'\\M/

Figure I7: LennardJones potential and different AFM operation modes

Resolution of AFM is limited by tip radius of the probe. Commercially available
probes usually have the tip radius in order of units of nanometers, lateral resolution is
therefore in the same order of magnitude. Vertical resolution, on the other hand, can
be achieved even higher; in tenths of nanometers. It should be emphasizeéMhat A
places no demand on conductivity of the samples, as such semiconductors and isolators
can be measured in the same way as metals.

Moreover, certain modern variants of AFM are able to combine morphological
investigation with electrochemical analysis. Thescalled electrochemical AFMs
(EC-AFMs) feature glassap with an Gring on the bottonwhich when put on a
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sample forms aery smallairtight in situ electrochemical cell filled with electrolyte.

The typical threeelectrode configuration is used witfeeence and counter electrode
being inserted to the cell from the top and sample being contacted as working electrode
(see Fig. 8). This setup allows for investigation of potendiadlucedtopographical
changes of the sample directly in the liquid envinent of the electrolyte.

reference electrode

laser

counter electrode

airtight cell
with electrolyte

Figure B: setip of electrochemical atomic force microscope

Our measurements were carried out on two microscopes. AFM Veeco di MultiMode
V was used for basitopographicalanalysis, mainly film thickness determination.
More complex electrochemical experiments were done using Bruker MultitMbde
EC-AFM. Additional information regarding the scanning mode, type of tip, sample
setup etc. is given further in the text, when dgsing individual experiments.

More information regarding AFM can be found[81].

2.4. Photoelectron spectroscopy (PES)

Photoelectron spectroscopy (PESamentegral, ultrahigh vacuum, surfaesensitive
method for qualitative ahto some extent even quantitative analysis of solid state
specimens. It is based time detection of electrons, emitted from the illuminated part
of the sample due to photoelectric effect (usually using sefayX The energy
spectrum of these photoelemts carries valuable information about the sample
composition, chemical states of the elements within and their approximate ratio.
Considering the law of conservation of energy, the kinetic erflergyf theelastically
emitted photoelectron is given by equation:

O & O %o (26)
Where™Qis the Planck constantt is the frequency of the primary photol@ is the

binding energy (BE) of the ettron in its initial state ando is thework function of
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the detection system of the spectromele recessary condition for equatiorbj1o

be valid is the alignment of detector and sample Fermi levels.

The BEs are characteristic for each elersagiectron shell, the position of peaks in
measured photoelectron energy distribution therefore identthesspecimefs
elemental composition. Besides detecting true photoelectrons, the typical spectrum
also camtains peaks of Auger electrons which h&ethat isindependent fof of

primary photos.
P -

photoelectron Auger electron

tk. —--*-- — — —

1s
~
o———--"-- o—o
Figure B: different mechanisms of true photoelectron and Auger electron emission
processes

As mentioned above, PES is capalfldetermining thehemical states of the elements
within the samplsurface. The photoemission process generates a vacdahegiom,

which acts as a positive charge and decreaséd tbéphotoelectron upon its escape

to the vacuum. The extent of this interaction is affected by the el&octi@msity of
states, whichis in turn influenced by the chemical bonds of the atom with its
surroundings. Small shift of the spectral lines, caused by specific photoelectron
retardation can be therefore assigned to the certain chemical states of present elements.
The quantitativeanalysis, i.e. abundances of the elements in flat, homogeneous
specimen, is realized by comparing the peak areas divides by the relative sensitivity
factors (RSF) which in theory should include all relevant factors, determining the
signals intensity (suchas photoionization crossection, emission angle, transmission
function of detector and others).

The surface sensitivity of PES a result of théact that emitted photoelectrons have
relatively short inelastic mean free path (IMFP). The IMFP is atfom of O which

is, referring to equation (15), given 1§§. Most laloratory PES apparatuses utilidg

K U(1253.6 eV)or A I(1488.& eV)lines for photoionization; corresponding
information depth is then im range of unites of nanometers up to dda nm
(depending on material). This variant of PES is referred to-esy>photoelectron
spectroscopy (XPS).

To obtain even more surface sensitive data it is necessary to lower primary energies.
The solution is to use synchrotron radiation photoeledpactroscopy (SRPES). Not

only does it allowthe tuning of primary beam energy but it also offers much higher
intensities compared to laboratoryrXy sources.

Our experiments were carried out both on laboratory XPS, asimgnochromatized

Al K-tay s¥uce and on SRPES (EfetSincrotrone Triesteyvith much lower
energies and higher intensities. Both systems feature PHOIBOS 150 hemispherical
energy analyzer. Details regarding individual measurements are given further in
text.

For more information alut PESrefer to[82].
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2.5.Electrochemical measurements and characterizations

Various electrochemical methods were employed in order to maasyserformance

and stability of experimental catalytic layeFfie majority of measurements were done
in-cell, meaning prepared catalysts were part of fully functioning MEA, sandwiched
between bipolar plates at constant pressure, held at constante:tevaperature and
supplied by reactants. The cell itself was contacted ingount probe setup, with
separated voltage and current circuits, for more accurate IV readings. The reference
electrode was always put to the voltage socket of hydrogen electrode

Two different types of ircell measurements werarcied out. Firstly, basic © IV

curves were obtained to evaluate the performance and efficiency of the system.
Additionally, longterm constant voltageroutines yielded information about the
stability of MEA. Secondly, more complex potentiostatic electrochemical impedance
spectroscopy (PEIS) measurements provided a useful insight into the kinetics of the
individual halfreactions and cell resistance.

PEIS is based on applying constant potential witherposed alternating voltage of a
certain amplitude (typically around 10 mV) and simultaneous measuring of thetcurren
response of the system. The A€quency changes during the measurement hence the
output of the procedure is the dependence of compipgdance omthe frequency of

the applied A voltage.The plot of theimaginary part of this complex impedance
against its real part is called Nyquist diagram (example of Nyquist plot can be seen in
Fig. 20).

Interpretation of PEIS spectra is nontriviaktycertain conclusions can be made
relatively simply. Considering Randles mof&8], the high frequency intercept on the

real axis corresponds to the overdihac cell resistance, while the size of the semi
arc in the negative imaginary hgdfane reflects the kinetic of the reactions. Reactions
with faster kinetic (HER, HOR) tend to have much smaller loops than slower reactions
(OER, ORR). As such PEIS of PEWE and hydrogen PENFC plotted in Nyquist
diagram usually features just one semi arc, corresponding to the slower reaction; the
loop of the faster reaction is simply too small to be recognized.
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Figure20: example of Nyquist plots representing two défetty performing MEAs

(blue MEA has faster kinetics)
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The in-cell electrochemical measurementsscribed aboveharacterize MEA as a
whole. In casethe properties of an individual catalyst or structure need to be
investigated, one can turn to the thrdectrode electrochemical analysis. In this setup

the specimen is attached to the working electrode and submerged to the electrolyte,
which resembles properties of the actual working environthdito other electrodes

are put to the electrolyte, the reference electrode (in our case Ag/AgCl) and counter
electrode (Pt).The connected potentiostat @ controls the current flow between
counter electrode and working electrode so that the potentfakadite between
working electrode and reference electrode is kept constant. Various experiments can
be carried out in this configuration. Potentiostatic experiments can mimic steady
operational conditions of certain ha#faction and in conjunction withlegr methods,

such as PES, can be used to evaluate the stability and corrosion resistance of given
material. In turn, potentiodynamic experiments, specifically cyclic voltammetry
(periodical continuous increase and decrease of applied voltage withinrfigedhi),
simulate repetitive switching on/off of the cellhe dtained voltamograms give
insight into the reversible or irreversible nature of redox reactions, taking place on the
surface of examined specimen. Additionally, voltamogramas provide relate
information about the active surface and activity of catalysts.

All of abovementioned measurements were controlled by potentiostait®jec SR

150.

15 H,SOy aqueous solution is usually used to simulate the solid electrolyte of FRE kind
PEM-WE [110]
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3. Results

The main part of this thesis is divided into sevdramaticsections. Firstly, theetting
up of ourPEM-WE testing celis describedqsubchapter 3.1and the way of catalyst
loading determination is explain¢slibchapter 3.2.).

After that follows the most extensive sectigubchapter 3.3.revolving around
magnetron sputtered thfiilm low-loading catalysts for anode side of the RERKE
cell.

SubchapteB 4. is dedicated to the investigation and optimization of bifunctional thin
film catalysts for PEMURFC.

Finally, subchapteB.5. compags theroundtrip efficiencies obtained by coupling of
dedicated singkpurpose MEAs (referentias well asexperimentaloneg with the
efficienciesyielded by experimental bifunctional MEAs.

3.1. PEMWE testing cell setup

First step in our experinéal endeavor was to create an experimental cell forPEM
WE measurements. As was mentioned previously, we have been working in field of
PEM-FC for several years and have had graphite single cells (se2lfigut not
dedicated PEMNE cells.

Figure2l: graphite current collectors (end plates) from Greenlight Innovation (active
area2.1x2.1cfh

Since carbon is undesirable material on the anode side ofWEMell, prone to
corrosion under higher potentials, it has to be substituted with duvable alternative.

The choice fell on titanium. Question arose whether to keep the same geometry of the
flow meanders; after all the reactant on RBRE anode is liquid in contrast to gaseous

fuel of PEMFC. Consideringthe published comparison of difé:t types of flow
channelsvithin moderately larger 25 cheell, [84], we decided to keep the standard
serpentinesingle channel design. It was reported that geismetryis best for PEM

FC and the performance difference in PEWE is negligible to other two channel
shapes (see Fig2p As suchserpentinesingle channel desigis alsothe optimal
variant forthe future PEMURFC applications
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Figure 2: different flow chanels tested for oxygen side of PENM and PEMWE,
(a) serpentinaingle channel, (b) serpentideuble channel, (c) parallel chanif@]

Consequentlyflow field / currentcollector {n case of single cell theend plate) with
identical dimensions to those of original Greenlight Innovation end plate was redrawn
in Autodesk Inventor and cut from Ti block usia@NC machine.

Figure B: Ti anode end plate with the sardimensions as the original graphite one
from the Greenlight Innovation
from left to right: model in Inventor, detail and dimensions of the flow meander
(within 2.1 x 2.1 crhactive area), manufactured Ti end plate

As was stated in the subchapter ()L.8e corrosion resistance of Ti is due to its ability
to rapidly form a layer of Ti@on its surfaceHowever,TiOz is aninsulator In other
words, the Ti end plate has to be additionally coated to prevent formation of the oxide
layersin order to prevet the loss of conductivity. Most research groups simply coat it
with gold or platinum. The central theme of this wadnwever is the maximum
decrease in usgf noble metals. Using several times more loading for coating of anode
end plate than for actu@atalysis does not seem right. Therefore, we turned our
attention to more cogfficient alternatives. In collaboration with industry partner
Staton we tested two prospectmae-depositedli-based coatings, namely TiCrN and
TiN. 5 pum thick films were arc deposited on two Ti anode end plates.

Individual anode end plates were then tested in the following way:

1. A Nafion membrane was inserted in between the coated anode end plate and
standad graphite cathode end plate

2. Water was supplied to the anode side of the assembled cell as it woultiée in
case oPEM-WE

3. Constant voltage of 1.7 V (vs. refereredectrodeon cathode) was applied on
cellforlh

4. Cell was disassembled and anode enceplatas inspected (see Fig) 2
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Figure 21 anode end plates afteh at 1.7
left T TiCrN layer on Ti;right1 TiN layer on Ti

Uponinspectionwe concluded that TiCrN layer is not suitableasrrosion resistant
layer. On the other hand, TiN layer showady moderate signs of corrosion and
remained conductive after the experiment. This is in accordance with some of the
earlier studies, which evaluated the corrosion protective propertieslafohiting for

use in PEMFC as well as PEMVE [85][86]. Based on the underwent experiment and
available literature we decided to use TiN as our protective layer for Ti anode end
plate, which in pair with standard Greenlight graphite end plate for cathode formed
our FEM-WE testing cell.

Rest of the experimental sgt included pess unit for cell to maintaimsobaric
conditions as well as PHoontrolled heating cartridges to keep the operational
temperature constatgee Fig. 25)Theflow of deionized watéf to theanode side of

the cell was provided by peristaltic pump. In case, it is not written otherwise, the
measuring conditions were as folldws

Press pressure: 8 haemperature: 80 °GVater flow: 1 ml.mint
Potentiostat Bid.ogic SR150 was connected in foterminal arrangement, where

anode voltage probe served aworking electrode and cathode voltage probea as
reference and counter electrode.

Figure 25:experimental PEMNVE testing setp

618. 2 MY. c obtamed framIMerdk@Direct Q 3 UV purificator

the experimental and measuring conditions of PERFC in FC mode are summed up

later in text, in subchapter 3.4.1.
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3.2.Thin-film catalyst deposition and noble metaloading
determination

All thin-film catalytic layers were prepared by means of magnetron sputtering, using
TORUS circular sputtering sources (K. J. Lesker). The target to substrate throw
distance was approximately 15 cm. The purity of targets was 99.99 %. d°tloe t
deposition, the chamber was evacuated down to*7PE)The sputtering of purely
metal thin films was carried out in 0.5 Pa of Ar atmosphere (6.0, Linde) in constant
power mode

In order to precisely determine the loading of thim magnetron spitered noble
metal catalysts, we employ the method of nail polish*@rémsmall drop of nail polish

is applied on the surface of silicon wafer and let to dry. The wafer is then placed right
next to the sample which is about to be coated in the magnetttering apparatus.
After the depositin, the polish drop (basicalliy a role of a masking madn) is
carefully scratched ofivhich results irthe formation of a sharp edge on the interface

of Si and sputtered film. The height of this edge can be coastgumeasured by
AFM (see Fig. B). Consideringthe homogeneous thickness of the layer over the
surface of the sample and tabulated density of sputtered material, one can calculate the
loading (mass per areédFM was operating in tapping mode with ScanAsyst Air
probes from Bruker which feature 2 nm tip radius.

L 4
_._‘_

Figure &: determination of loading of sputtered material using AFM and the nalil
polish drop technique

3.3. Thin-film magnetron sputtered anode cadlyst for PEM-WE

This subchapter is dedicatedbeinvestigation of magnetron sputtered tfiim low-
loading catalyst (less than 0.3 mg:¢wf noble metal) for the anode part of the cell
(OER reation). Our goal was to find owhether sputtering is suitable method for
low-loading catalyst deposition and whether we can achieve efficiencies comparable
to those presented as stafehe-art. Speaking of statef-the-art, Fig. 27 compares
multiple IV curves reprinted from several recent publicati®a$, providing a rough
reference for performance of a modern RBRE. The loading corresponding to
plotted curves ranges from 1.2 mg:émo 2.5 mg.crif for Ir on anode and from 0.2
mg.cm? to 0.8 mg.crf for Pt on cathode.

We decided to set two benchmark paoimtstained by averaging the published data
A.cm?atl.7 Vand 2 A.critat1.9 V, to help the eye when comparing our IV curves

18 standard gravimetric methods are not ideal due to the very low mass increment after the

thin film deposition
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to performances plotted in FigiZ. Also, the US DOE sets the system energy efficiency
target for 2020 to 1 A.cr at 1.67 V [87], which we can for the sake of dity
conveniently roundipto 1.7 V. Achieving aforementioned values with thlm low-
loading anode catalyst wast aur highest challenge.
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Figure Z: performance comparison of several recently published polarization curves
of PEM-WE single cells, operating at 80 f&5]; orange benchmarkis A.cm? at 1.7
Vand 2 A.cn? at 1.9 V will serve as a reference points throughout the rest of the thesis

3.3.1. Ir thin-film catalyst sputtered directly on membrane

Our first attempt tahetest thinfilm anode catalyst involved simple sputtering of 50
nm of pure Imnamembrane commonly used in PBME. Also, in order to minimize
thenumber of variable parameterge used commercially availaldarbonGDL with
MPL containing Pt catalyghence GDB for the cathode side of the cell. All relena
parameters of the measured MB#e listedn Tab. 4

Cell TiN-coated Ti anode end plate, graphite cathode end plate (
area 4.4 cr)

Membrane | Nafion N 115 (127 pm thick)

Anode side | 50 nm oflr (113 pg.cn¥) sputtered directly on anode side of |
membrane

Ti mesh GDL (FuelCellsEtc) + 50 nm of Pt sputtered on top of
Cathode side commercialGDE with 0.4 mg.cnt of Pt (Alfa Aesar)
Table 4: details oMEA 71 Ir sputtered directly on PEM

MEA components of the cell before assemafg shown in Fig. 28 andetails of
individual GDLs / current collectors in Fig. 29.
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—  Commercial
. GDE with 0.4
mg.cm=2 of Pt

Ti mesh GDLJ \
coated with 5
nm of Pt
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Figure 29left i SEMmicrograph of Rtoated TimeshGDL,;
righti SEM miciograph of commercial GD&ith 0.4 mg.cn? of Pt

After stabilization of the cell temperature, we set the potentiostat to constant voltage
of 1.7 V to breakin the catalystsThe doserved current density at 1.7 V was very
unstableand immediately began to drop drastically. After less than an hour, the current
density reached the stable minimum at the value of approximately 80 mArahdid

not increase for another 2 hours of testing. Such value is below anything which can be
consderedasefficient. Also, the cell resistance obtained frBEIS spectrdat 1.5 V

DC with superposed A@ith 5 mV sinus amplitude and frequency from 200 kHz to
500 mHz)®*was around O0.07 Y which is above co
with N 115 PEM.Since no actions, such as changing the cell pressure or water flow,
lead toanincrease of current density, we decided to disassemble the celtadiiry

some explanatiofor theobserved poor performance.

The problem was clearly caused by the anadalyst, i.elr sputtereddirectly onthe
membraneThe @ntral part of the membrane, where water is introduced and OER
happenswas basically transparent, hintiagpoor adhesion of ItHowever,a couple

of minuteslater, after the membrane drietthe @ntral part started to appear silvery
again, proving thatcontrary to our first assumptiothe catalyst is still present (for

all of the PEIS measurements mentioned from this point onward were done keeping the same

parameters
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illustration, see demonstration in F0 and SEM images in Figl). Nonetheless,

the water uptake of the membrane and itssequent swelling during the PEWE
operational conditions undoubtedly caused severe rupture of the Ir thin film and loss
of its lateral conductivity which is the reason for low OER activity. After all, upon full
hydration the N 115 PEM laterally expandsl®/ and HO represents around 35 wt

% of its mas$88]. To sum up, the conducted experimheuled out the usage of thin

film catalyst sputtered dirdgton the PEM surface.

Figure30: shrinkage of wet kcoated membrane
(transparent part becomes silyagain)

Figure31: SEM mlcrograph of adeosited oa membrane (eft) and
membrane after hydration and consequent drying (right)

3.3.2. Ir thin-film catalyst sputtered on Ti mesh GDL

In order to further support our conclusions from tfexperiment, we now deposited
the Ir catalyst on top of the Ti mesh instead of PEMn¥&sh is rigid and does not
stretch when exposed to water, hence the conductivity and integrity of the thin film
should not be disrupted and the performance of the cell should be btE#aletails

are in Tab5. The changes of cell MEA sgtin respect tthe previous experiment are
emphasized in Fig. 32.
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Cell TiN-coated Ti anode end plate, graphite cathode end plate (
area 4.4 cr)

Membrane | Nafion N 115 (127 um thick)

Anode side | 50 nm of Ir (113 pg.cm) sputtered on Ti mesh GDL (FuelCellsE
Cathode side commercialGDE with 0.4 mg.cnt of Pt (Alfa Aesar)
Table 5: details oMEA 71 Ir sputtered on Ti mesh GDL

Ir catalyst is
now sputtered ¢
~on Ti mesh

Figure32 MEA with Ir catalyst sputtered on top of Ti mesh GDL

Indeed, after assembling the cell and starting dbiestant voltage3.5 h breakn
procedureat1.7 V?°, we witnessed fairly stable values of current density of around 270
to 280 mA.cn? (see Fig33). The consequently measured IV curve obtainetdpped
galvanostatienodé! can be seen in Fig4.
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Figure33: breakin procedure oMEA 1 Ir sputtered on Ti mesh GDL at constant
voltageof 1.7 V

20when referring to breain procedure later in the text, we will always mean constant voltage
of 1.7 V for duration of 8.5h

21 Applying 100 mA steps with 15 s stabilization period. From subchapter 3.3.4 onwards the
stepped galvanostatic mode was due to the instrumental reasons (random occurrences of sharp high
voltage spikes) replaced by finer stepped potentiostatic mode (applying Stap¥ with 10 s
stabilization period).
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Figure34: IV curve of MEA T Ir sputtered on Ti mesh GDL#

Analyzing the datait could be concludethat performance of the cell is poor, the
current densities at 1.7 V and at 1.9 V are way below our reference points (benchmarks
do not even fit into the scale tife graph). Nonethelesthe performance was stable

and reproducible (similar IV curves weobtained the next day and the day after)
proving thatthethin-film Ir catalyst was not washed off the mesh or rendered inactive

in any way. Cell resistance, determined frBEIS curves, went down in comparison

tothepr evi ous experiment from 0.07 Y to O.

most likely due to the low area of Ti mesh, the surface of which Ir was sputtered on.
For current densities to go up, we ne@tb find suitable higksurface catalyst support.

3.3.3. Ir thin-film catalyst sputtered on Ticoated carbon paper GDL

It proved to be relatively difficult tind commercially available Ti mesh with pattern
finer than the one we originally used. We also tried to experimehtseiteral types

of Ti felts butthey weregenerallytoo rigid and thick and could not be properly placed
into our experimental cell. In the end, we decided to improvis¢caumse highsurface
carbon papeGDL, namely Sigracet 29AA, as our next catalyst support. Obviously,
carbon pagr on its own would nawithstandthe harsh conditions of the anode side of
PEM-WE. Howeverwe believed thasputtering 50 nm of Ti on both sides of it and
consequently 50 nm of Ir on the side closer to the PEM might provide enough
corrosion protection téast at least for the duration of experimdiEA details are
summed up in Tab. &hd changes done to the MEAwgeare specified in Fig. 35.

22 Note that upper »axis represents the specific current, i.e. the current per mass of noble metal
catalyst (anode and cathode combined). It proves to be a valuable variable when compdadadifay
catalysts and weill keep using it in all our IV graphs from this point onward. Righ&¥s represents

the thermodynamic efficiency calculated using relation (14).
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Cell TiN-coated Ti anode end plate, graphite cathode end plate (
area 4.4 cr)

Membrane | Nafion N 115 (127{um thick)

Anode side | 50 nm of Ir (113 pg.cnd) sputtered on 50 nm Toated carbof
paperGDL (Sigracet 29AA)

Cathode side commercial GDEwith 0.4 mg.cnt of Pt (Alfa Aesar)

Table 6: details oMEA 71 Ir sputtered on Ti-coated carbon GDL

Ir catalyst is
1ow sputtered
~ on carbon

Figure35: MEA with Ir catalyst sputtered on top of-Goated carbon paper GDL

Indeed, Ti sputtecoated carbon paper GDLs have been reported else{@83j@0]
(albeit rot in conjunction with thirfilm low-loading Ir catalystsand have been proven

to withstand anode conditions for necessary amount of time (several tens of hours).
The morphological alteration of carbon papsurface after individual sputtering steps
canbe seen in Fig. @ Reportedly, Ti sublayer not only prevents the corrosion of
carbon but also improves the adherence of catalytic Ir layer.

Carbon paper GDL

7 I 7
i

Figure &: catalyst coating of ¥protectedcarbon paper GDL
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EDX mapping of coated GDL (see Figi)3roveshomogeneous distribution of both
elements. The blurrier nature of green image is presumably due to the-dioigole
deposition of Ti andhe large information depth of the characteristieays, which
allow us to partially see tHdottom sidé of the GDL.

Figure ¥: EDX mapping of catalystoated carbon paper GDL

ThelV curve, obtained aftdsreakin procedureis plotted in blue in Fig37. The curve

Is compared to the performance of MEA with Ir catalyst deposited on Ti mesh from
previous experimentgd curve). Fig38 also features benchmarks 1 Aémt1.7 V

and 2 A.cn? at 1.9 V previously introduced in subchap&B. As expectedusing
high-surface catalyst support significantly increasedsalirrent densities. Also, the

cell resistance derived froPEI S measur ements was around
than in case of MEA with icoated Ti meshes.
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Figure 3B: IV curve of MEA i1 Ir sputtered on Ti-coated carbon GDLcomparedo
MEA 7 Ir sputtered on Ti mesh GDL
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The overall performance of the cell is now approaching the values more typical for
high-loading MEAs. Note however that total catalyst loading (anode + cathode) of our
experimental MEA is just 513 ug.cfavhich is at least -3 times less than the loadings
presented in Fig.72 In other words, althougielow-loading sputtered catalyst tends

to have lower absolute current densities, the specific current is much higher than for
high-loading counterparts. The pemmance was stable and we obtained very similar

IV curve after anotheendurance test &.5 h constantoltage at 1.7 VEven though

we did not notice any performance diger timeof ourtesting, t could be expected

that carborpaper would eventuallgorrode. After all, the Ti layer was deposited by
sputtering, which is in principle directional, meanthgtthere are undoubtedly some
places which were shielded from the particle flux and remained uncoated.
Interestingly enough, when we usedcbiatedSigracet 29BC (see Fig9J i.e. the
carbon paper with additiondMPL of carbon blackon top of it, believing it would
further enhance the performance due to even larger surface than 29AA, the water in
the closed circuit of o(WPEM-WE testingseup starte to turn black immediately after
setting the potential to 1.7 V and current density went down to zero. Apparently,
carbon black microporous layer has so many hollows and creases that it simply cannot
be effectively protected by Ti thin film.

3 nd: ! - Wipas RS ey, ~ d s’ M) [ g‘ r e B
Figure39: SEM micrographs of Sigracet 29BC carbon paper GDL with carbon black
MPL before (left) and after (righthe coating with 50 nm of Ti and 50 nm of Ir

2|

To sumup, this experiment proved that carbon paper GDL without the carbon black
MPL can indeed servas an improvised higburface shorto-mid-term substitution

for Ti-based GDLs, provided it is thoroughly coated with Ti from both sides.
Obviously, stability of MEA is one of the crucial factors when talking about
commercial devices, but for R&D purposegen shortime comparisons of various
experimental catalysts might yield interesting results and that is whereat&d
carbon paper could be useful.
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3.3.4. Ir supported on TiC nanopatrticles

We have so far demonstrated that disgaittercoating of PEM membrane does not
work well and that coating the GDL @&much better solution. We have seen that the
more surface available for the catalyst on the support medium the higher the current
densities. In PEMFC industry, as stated inapter 1.2., Pt catalyst is usually supported

on highsurface carbon black nanoparticiesxed with ionomer which aren turn
supported on carbon pap@orming GDE)or printed on membrangorming CCM)

The question arises whether similar approach can lmaicked on the PEMNE
anode. Suitable support material has to be found, which will not corrode and will
remain conductive. Reflecting on recently published promising results, we chose to
work with conductive ceramic, namely with TiC nanopow@®4aq[92][93].

The plan was to create a mixture of ceramic nanoparticles and ionomer which would
serve as a support material for anode catdlySur approach revolves around thin

film deposition;therefore the catalyst was not to lkspersed within the volume of
support material, which is considered togo@ore conventional way,ub merely on

the very top of itin unprecedentedly low loadings. After all, it is widely accepted that
when the catalyst is conventionally dispersed within the volumly about 40 % of

it is truly active[94][36].

Since Timesh GDL did not provide enough surface to effectively carry the supported
catalyst, the catalystoated support material was ¥messed directly on the
membrane (see Fig0).

PEM PEM

® conductive ceramic particle ® ionomer ©® anode catalyst

Figure4Q: left T conventional way of supporting catalyst within the vehablume of
support material (usual noble metal loadimo mg range);
righti our thinfilm approach, where catalyst is coated just on the surface of support
material (noble metal loading in 0.1 mg range)

Preparation details of TiC-based supportsublayer coated with Ir:

A mixture of TiC nanoparticles (99+ %, 46D nm, cubic structure, US Research
Nanomaterials), Nafion solution (5 wt %, Dupont; 15 wt % in respect to TiC),
isopropanol and deionized water (1 rmi.gnd 0.1 ml.g in respect to TiCwas
ultrasonically stirred for 1 h to create the ink of support material. After
homogenization, the support ink was evenly spread over the PTFE transient foil (via
roller) and left to dry to get rid of the volatile solution for 4 h (resultant loading was
0.4 mg.cn?). PTFE foil with the sublayer was subsequently iptd the magnetron
sputtering chamber for deposition of the thim Ir anode catalyst (50 nm). Finally,
the catalystoated sublayer was hptessed (120 °C, 150 kg &ni150 s) from
transientPTFE foil onto the Nafion N 115 PEMorming the CCM The process is
schematically described in Figl.

23 certain formulations and figures within subchapter 3.3.4. are taken from already published

paper, writerb y Pet er[11KY%g et al .
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TiC nanoparticles Nafion solution roller TiC sublayer on PTFE foil Ir magnetron sputtering

PEM with TiC-supported thin-film Ir catalyst hot pressing machine Ir-coated TiC sublayer
on PTFE

Q0

Figure4l: schematic representation of CCM preparation with-3i@ported thin
film Ir anode catalys{'bottoni geometry)

The esulting CCMcomposition is identical to that dheimage on the right in Fig.

40; since the Ir catalyst is after the hot pressingossay below the Tithased
sublayer, we nicknamed this geométippttoni'.

EDX mapping of the kcoated TiC sublayer, done after thedéposition and before

the hot pressing, proved homogeneous dispersion of ionomer and TiC nanopatrticles as
well as even coverage by Ir thin film (FigR).

b ‘;t | & 70 A

Figure42: (a) SEM image of 0.4 mg.cfrsupport sublayer; (b) 50 nm of Ir catalyst
sputtered on top of 0.4 mg cnsupport sublayer; (c)(d)(e)(f) EDX elemental
mapping of containing elements, obtained from im@yeAll micrographswere
taken with the same magnification

2 note that even if not mentioned in text, EDX analysis was routinely carried out on all future

samples to confirm homogeneous distribution of elements within
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After the morphologicabnalysis we proceeded to actualcell performance test.
TestedMEA can be seen in Fig34nd itsdetails are listech Tab. 7 below.

Cell TiN-coated Ti anode end plate, graphite cathode end plate (
area 4.4 cr)

Membrane | Nafion N 115 (127 um tik)

Anode side | 50 nm of Ir (113 pg.cm) sputtered on Tibased sublayer 0.
mg.cm? (15 wt % of ionomer), hepressedn anode side of th
membrane

Ti mesh GDL (FuelCellsEtc) + 50 nm of Pt sputtered on top of
Cathode side commercial GDEwith 0.4 mg.cnt of Pt (Alfa Aesar)
Table7: details ofMEA 71 Ir supported on TiC" bottom"

Ir catalyst is
now sputtered
on TiC-based

E@m

Ir is located in
between TiC
and PEM

Figure43: MEA with Ir catalyst supported on TiClottom' geometry)

Upon startiig the standard break procedure, we observed very similar behavior as

in our first experiment, where we deposited Ir directly onto the PENEA T Ir
sputtered directly on PEM). Again, the current density went immediately rapidly
down, stabilizing itself at negligible values of approximately 40 mA.chowever,

in this case, thateral expansion of PEM should not be the main cause of the problem
since the catalys$ no longer deposited on membrane but supported on thbaE€d

layer which even after expansion should provide sufficient electron conductivity (at
least at the begimng of the experiment, before potential corrosion). We speculated
that poor performance might be due to anode catalyst reagent staiivagweral
micrometers thick TiC layer might not be porous enough to provide necessary water
flow down to the sdo-say localized TPB by the membrane. Similarly, produced
oxygen bubbles might end up being encapsulated under the support layer thus blocking
the active sites of the catalyst. Either waycitcumventthe potential mass transport
problem, the most logical step semito be to modify the preparation method such
that Ir thin film would be on the other side of TiBased support sublayer (i.e. in
position"top’, see Fig44).

® conductive ceramic particle ® ionomer ® anode catalyst

Figure44: left1 thin-film MEA in configuration'bottont’;
righti thin-film MEA in configuration"top"
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To achieve this, we simply chardyie order of actions within the preparation process,
namely we interchanged the Ir deposition and hot presse@iig. 45).

TiC nanoparticles Nafion solution roller TiC sublayer on PTFE foil hot pressing machine
PEM with Ir-coated TiC sublayer Ir magnetron sputtering TiC sublayer on PEM
| ] ° O
R |
' |
A 4
~ " |

” O

Figure45: schematic representation of CCM preparation with-3i@ported thin
film Ir anode catalyst'(op’ geometry)

Correspoding MEA details are same as in Tabonly the geometry is noop" as
can be seen by the silvery gloss of Ir on the-B#&Sed sublayer in Fig64

_Ir catalyst
sputtered on
TiC-based
sublayer

Ir is now located
on top of TiC
which is hot-

pressed on PEM

Figure 46: MEA with Ir catalyst supported on TiCtop"' geometry)

Positioning the Ir thifilm catalyston the outer side of the MEA had significaffiect

on the performance. ThHeeakin procedure lg to current stabilization at about 700
mA.cnmi2. ThelV curve ofMEA i Ir supported on TiC"top" compared toMEA i

Ir sputtered on Ti-coated carbon GDL(i.e. the previous best performance) can be
seen inFig. 47.
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Figure 4: IV curve of MEA 1 Ir supported on TiC"top" compared to
MEA 1 Ir sputtered on Ti-coated carbon GDL

We can see that the efficiency MEA 1 Ir supported on TiC "top" was higher in
the lower potential regions, however in higher potential regMB# 1 Ir on Ti-
coated carbon GDLperformed betteiThe medium to high current density region is
mainly affected by the resistance of the flow of itmthe other side of PElInd mass
transfer effect$95]. Since the PEM was same in both catigs limitations ofMEA

i Ir supported on TiC "top" are presumably related to the TiC sublayer; its
composition, thickness etc.

Indeed, after comparing tHREIS diagramgFig. 48), we concludd that althoughhe
high surface of TiC nanoparticles definitddgoststhe overall kinetics of OER (the
semi arcof MEA 1 Ir supported on TiC "top" is much smallét the actual ohmic
resistance of MEAthehigh frequency intersectioon the real axig slightly smaller

in case oMEA i Ir on Ti-coated carbon GDL; 0.037Y vs. 0.04Y to be precise.

0.06
0.05 L -

—~ 0.04 . . ]

S l . ]

£ . _

g 0.037 = = MEA - Iron Ti-coated carbon GDL .

& 0.02 - . MEA - Ir supported on TiC "top" .

E ' I. I.
0.01 - /- ?\-
0.00

T 1 — T T T T 1
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Re(Z) (ohm)

Figure 8: Nyquist diagrams oV EA T Ir supported on TiC "top" andMEA 7 Ir
on Ti-coated carbon GDLobtained at 1.5 V
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Based on the fact that the TPBecessary forlectrochemical water decomptsn, is
localized solely in the surface region of the suppdtbasedsublayemwe believehat

the subsurface mass of the support matéseé illustration inFig. 49) represents
merely relundant iorfct resistance for ptons permeating to the cathode side of the
PEM.

To prove our hypothesis, we decided to optimize theda€ed support sulylar by
tuning its overall loading as well as weight ratio of Nafion ionomer within.

Figure ®: crosssection of TiGbased support sublayer (loading 0.4 mgZ;mote
that just the very surface ofdlsublayer supports Ir catalyst

Influence of thesupport material loading on the PEMWE performance

Firstly, we assembled a series of three MEAs with different total loading ehds€d
sublayer(0.4 mg.cnt down to 0.1 mg.cn) butthe same ckmical composition. The
MEA detaik for individual sampleare given in Tab. 8.

Cell TiN-coated Ti anode end plate, graphite cathode end plate (
area 4.4 cr)

Membrane | Nafion N 115 (127 pm thick)

Anode side | 50 nm of Ir (113 pg.cm) sputtered on Tibased sublayed.4
mg.cnt?or0.2 mg.cn? or0.1 mg.an~? (15 wt % of ionomer), het
pressed on anode side of the membrane

Ti mesh GDL (FuelCellsEtc) + 50 nm of Pt sputtered on top of
Cathode sidg commercialGDE with 0.4 mg.cnf of Pt (Alfa Aesar)
Table 8: details dMEAs T Ir supported on TiC "top", TiC-loading optimization

From the morphological point of view, the surface structure of the support sublayer
remains unaltered for all three tested loadings. It is to be expected since varying the
loading of support material only affects the bthickness of support sublayer not its
roughness. As suclSEM micrographs werendistinguishable to that in Fig2 (a)

(before Ir deposition) and F#R (b) (after Ir deposition)ln terms of thickness, based

on the crossection imaging (Fig. 9), for eaxh 0.1 mg.crit of TiC-based support
material loading the sublayer is approximately 0.5 um thicker.

ThelV curvesobtained aftebreakin procedurecan be seen in Fi§0.
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Figure50: IV curves ofMEAs 1 Ir supported on TiC "top", TiC-loading
optimization

Polarization curves, measured for individual MEAs confirm that decreasing the
loading of support material indeed leads to better REEIperformance. As seen from
Nyquist plots (Fig51), the kinetics of the electrochemical reans, represented by
thesemi arcs, do not vary significantly but the overall ohmic cell resistance (real axis
intersection) tends to increase with increasing loading (thickness) of support sublayer

(0.04Y for 024 0m@.3¢tmY faad0.08 foR0.1mg.crmé).m
0.025 - =  MEA with 0.4 mg.cm'2 of TiC-based sublayer
*  MEA with 0.2 mg.cm'2 of TiC-based sublayer
0.020 4 MEA with 0.1 mg.cm” of TiC-based sublayer
£ 0.015 . - - T
c x L] " n
8 n - " - n
3 0.010 1 . . . .
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_-' g H ..\.
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Figure51: Nyquist diagrams oMEAS T Ir supported on TiC "top", TiC-loading

optimization obtained at 1.5 V
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This implies that the 50 nm Ir catalyst is utilized approximately equally on all three
samplessince the roughness and the surface area of the support remains unaltered, yet
the overall PEMWE performance seems to be hindered by the voltage loss
proportional to the thickness (loading) of the support material, forming the sublayer.
Obtained data lehus to believe that in order to maximize the RBME performance,
loading (thickness) of the support material, forming the sublayer should be minimized.
Therefore, the loading of 0.1 mg.@nwas regarded as optimal and fixed for the
following experiments.

Influence of the ionomer content within the support sublayer on the PEMNVE
performance

The rext step in the Tithased support sublayer optimization was to determine the
optimal amount of Nafion withirnFor this experiment we prepared three MEAth
different ratios of ionomeo TiC (30 wt % down to 5 wt %lsee Tab9).

Cell TiN-coated Ti anode end plate, graphite cathode end plate (
area 4.4 cr)

Membrane | Nafion N 115 (127 um thick)

Anode side | 50 nm of Ir (113 pg.cm) sputtered on Tibasedsublayer 0.1
mg.cm? (30 wt % of ionomer, 15 wt % of ionomeror 5 wt % of
lonomer), hotpressed on anode side of the membrane

Ti mesh GDL (FuelCellsEtc) + 50 nm of Pt sputtered on top of
Cathode sidg commercialGDE with 0.4 mg.cn of Pt (Alfa Aesar)
Table9: details ofMEAST Ir supported on TiC "top", Nafion optimization

A change in ionomer content within the support compound did not alter its surface
structure in any significant way. SEM micrographs for all three samples were again
morphologically identical to those in Figd2. Also, EDX mapping proved
homogeneous dispersiofithe ionomer for all investigated concentrations.

Polarization curves of investigated MEAs, after breagrocedure are plotted in Fig.

52.

25 lower loadings than 0.1 mg.chresulted in undesired discontinuous layers and were not

furtherinvestigated
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Figure52: IV curves ofMEAS 1 Ir supported on TiC "top", Nafion optimization

We noticed considerablyworse performance for MEAS containing 30 wt % and 5 wt
% of ionomer in comparison to 15 wt %. Interestingly enotighNyquist diagram
(Fig. 53) reveals that unlike ithe preceding experiment, where the variation of the
support material loading led to overall cell's ohmic resistance changeS1kidgn
case of the ionomer content alteration, Heetics itself of the electrochemical
reaction (i.e. the size of plotted sieanc) is affected. The MEA with 15 wt % ionomer
content exhibits the fastest kinetics (smallest semi arc).
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Figure53: Nyquist diagrams oMEAS 1 Ir supported on TiC "top", Nafion

optimization obtained at 1.5 V
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Evidently, certain ideal ratio of TiC conductive nanoparticles and Nafion ionomer
within the support sublayer has to be established. Should the ionomer content be too
low, ion-conducting paths would be sparsely scattered, resulting in inefficient
formationof electrochemically activ€PB and slower reaction kinetics. Analogously,

the excess of the ionomer results in insufficient electron conductivity of the support
material. Similar observations were reported elsewje&ie

Last but not least, it shtalbe emphasized that Nafion serves not only as ion conductor
but also as a binder for TiC nanoparticles. We noticed that successfeailtless hot

press of the 5 W ionomer suport material from PTFE to N 115 PEM is significantly
lower than that ofl5 wt % or 30 wt %. Considering this and the fact that the MEA
with 15 wt % of ionomer performed best among the three investigated samples, we
chose to fix this concentration for further experiments.

Influence of the Ir catalyst loading sputtered on topof the support sublayer on

the PEM-WE performance

Based on the results tfe previous two experiments, the ionomer content within the
support material was optimized to 15 wt % (in respect to TiC) and the support material
loading hotpressed to PEM to Orhg.cni?.

In order toinvestigate the effect of the amount of sputtered Ir catalyst, located on top
of the TiGbased support sublayer, on the PERME performancethree MEAs with
different thickness of deposited (see Tabl10) were tested rad their performances
compared.

Cell TiN-coated Ti anode end plate, graphite cathode end plate (
area 4.4 cr)

Membrane | Nafion N 115 (127 pm thick)

Anode side | 25 nm of Ir (56.5 pg.cn¥), 50 nm of Ir (113 pg.cn¥) or 75 nm
(169.5 pg.cr) or Ir sputtered oiC-based sublayer 0.1 mg.&n
(15 wt % of ionomer), hepressed on anode side of the membrs:

Ti mesh GDL (FuelCellsEtc) + 50 nm of Pt sputtered on top of
Cathode sidg commercialGDE with 0.4 mg.crif of Pt (Alfa Aesar)
Tablel10: details ofMEA ST Ir supported on TiC "top", Ir loading optimization

SEM micrographs show surface morphology alterations of the samples due to the
increasing thickness of sputtered Ir catalytic film (5.

Figure54: SEM micrographs (secondary electrons) of the support sublayer before
catalyst deposition (a) and after depositio2®hm (b),50 nm (c) and’/5nm (d) of
Ir (@l micrographs are taken with the same magnification
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IV curves, obtained aftebreakin procedire, (Fig.55) prove that increasing the
amount of sputtered Ir improves the PBNVE performance.
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Figure55: IV curves ofMEAs 1 Ir supported on TiC "top", Ir loading
optimization 26

The effect is more apparent when the Ir ftimtkness is increasg from 25 nm to 50

nm. Increasing thickness from 50 nm to 75 nm does further improve the performance
but less noticeably, especially in low potential region

PEIS measurements (Fig6) confirmed that reaction kinetics are indeed faster with
higher catalyst loadings (smaller semi arcs for higher Ir loadings).
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Figure56: Nyquist diagrams oMEAs i Ir supported on TiC "top", Ir loading
optimization obtained at 1.5 V

26 note that upper »axis is missing because the catalyst loadings are now different for the three
tested MEAs
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To properly interpret this outcome, it has to be clarified that prolonging the Ir
deposition time results not only in thicker layer of Ir but also in formation of columnar
structures which presumably enhance the surface utilization of the catalyst (see Fig
57). Also, not only the area in sputtering sotsakrect "line of sight gets coated.
Processes such as reflection and scattering of incident particle flux on substrate and
resputtering of the deposited matef@6] lead to coating of obscured parts of the
support in close subsurface region and ultimately to lar§& and better PEMVE
performance. Both mentioned effects can be seen when comparing cross sections of
samples with 25 nm (Fig7a) and 75 nm (Figh7b) of the Ir catalyst.

Figure57: crosssection of the support sublayer with 25 nm (a) and 75 nm (b) of
sputtered Ir on top of;iteft parti secondary electrons imaging
right parti backscattered electrons imaging
(@l micrographs are k&n with the same magnification)

When comparingEAs with different thickness of Ir thifim on TiC-based sublayer

in terms of overall noble metal loading (i.e. anode and cathode catalyst comtiireed)
situation is different (see Fig8). Now the MEA with 25 nm exhibitthe highest
specific performance closely followed by MEA with 50 nm and finally the lowest
efficiency, predominantly in mid to high current region, shows MEA with 75 nm.
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Figure58: IV curveswith specific current oMEASs T Ir supported on TiC "top",
Ir loading optimization

To sum up, based on the curves plotted in Bigand Fig.58, we conclude that
increasinghefilm thickness of sputtered Ir catalyst supported on-B&Sed sublayer
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on anode from 25 m to 50 nm leads to significant increase in absolute RER
performance, yet the specific performance remains nearly the same. Further increasing
of the film thickness to 75 nm pushes the absolute efficiency even higher but at the
same timahe noble metal utilization (current per loading of noble metal) tends to go
down. Taking aforementionedto accountwe consider 50 nm of 1403 pg.cn¥) to

be optimalfrom the point of view of absolute as well as specific performance.

Chemical analyss of Ir catalyst supported on TiC nanoparticlesand stability
testing

The pevious three comparative experiments helped us to determine optimal
parameters of experimental ldeading Ir thinfilm catalyst supported ro TiC
nanoparticles for OER reaction on anode of P®M (i.e. 50 nm of Ir sputtered on
top of 0.1 mg.cr? TiC-based sublayer (15 wt % of Nafion in respect to TiSkce

the resultsseemed to b&ery promising and obtaineefficiencieswere among the
highest we measured so fgactually not too different fromthe benchmarked
efficiencieg, we turned our attention to the investigation of chemical state and stability
of elements within the anode side of te.

We sputtered 50 nm of Ir on Ti foil and cadiout an accelerated aging procedure,
consisting of thre@lectrode potential cycling in 0.1 M2BO; aqueous solution. We
used Pt wire counter electrode and Krae Ag/AgCI (3.4 M KCI) reference electrode.
Potential cycling was performed in range frénV to 1.7 V?’ vs. RHE (reversible
hydrogen electrodegt 50 mV.s" scanrate for 500 timeglast scan was terminated at
1.7 V). After the cycling, the sample was transferred viariflated glovebox to the
XPS apparatusamqr obed by ¢ on vraysourced1#&616 eVA. | KU X
Comparison of the Ir 4f XPS spectaaquired before and after the cyclingith
subtractedShirley-type background and after charge correctmi€ 1s line at 284.5

eV, can be seen in Fig95

1.2 1.2
(a) (b)

hn ~ 1486.6 eV hn ~ 1486.6 eV
Before cycling 3

1.0 1 1.0 1
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o o
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o
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Figure ®: XPS spectra of Ir 4f before (a) and after (b) the electrochemical cycling

(spectra are normaliddo the maximum peak intensity)

Straight after the deposition, the Ir is not 100 % metéilkc in state f) but contains
aminor fraction of oxidized species at hir binding energies fland If* were fitted
by two pairs of Voight peaksThese are probably present due to the insufficient
presputtering evacuation conditions as some residual partial pressuggen might
have remained in thehamber. After the cyclindr gets fully oxidized with no trees

2" thisis relevant for simulation of switching on and off of the PEWE cell

52



of metallic Ir (see Fig. ®). This is proven not only by the fitting of Ir 4f spectra but
also by high increment in intensity of O 1s p8alccording b the literature, the
chemical state Ir@is responsible for high actty towards OER. This is one of the
reasons why after the assembly of the te# MEA has to underga certain breakn
procedure in order téactivaté the catalysts

In addition toanalyzing aode catalyst, we also turned oureatton to the catalyst
support. After all, the high surface of Fi§ased support sublayer is the main reason
why we were able to obtain such high performances with just a fraction of conventional
loading of mble metals. As such, it is essential to have information about the chemical
stability of TiC under the harsh conditions of PBNE anode.

Again, we used Ti foil as a substrate onto which we sprayed 0.1 ragfaire support
material (15 w®b ionomer in espect to TiC). Similarly, we performed 500 potential
cycles inarange from0 V to 1.7 V vs. RHE at 50 mV.g in 0.1 M H:SQ, aqueous
solution (last scan was terminated at 1.7. Yhanks to access to aferial Science
Beamlineat ElettraSincrotrone in Trieste, we were able to measure not only standard
XPS spectra but also more surface sensitive SRPES spdwraearsurface area of

the samples was probed, using synchrotron radiation with pkaergy of 630.0 eV.

A conventioral Al Ka X-ray source (1486.6 eV) was used for gaining the information
from deeper layers of the system (XPSBoth SRPES and XPS spectequired
before and after the cycling (transfer was again done throughflisted glovebox)

can be found in Figs0. The complex Ti 2p spectra were fitted by four pairs of Voight
peaks[97][98] after subtaction of a Shirlestype backgroundand chargeshift
correction to C 1s line at 284.5 eV.
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Figure60: SRPES an&PS spectra of Ti 2p before (a, b) and aftedjahe
electrochemical cycling (spea are normalizbto the maximunpeak intensity)

28it is fair to expect that O 1s signal is from iridiwxide and not from the Ti foil since no Ti
2p peaks are visible in the XPS spectra (both before and after the aging procedure)

22 according the literature, the information degfthr our SRPES and XP8nergiedor TiC are
approximately Inm and 2nm, respetively [112]
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It can be seerthat even before the aging procedure Ti within the support material is
not present solely in the TiC chemical state but also in oxidic states such as TiOC,
TiO2 and TiQG [98] (Fig. 60 a, b). By comparing the XPS and SRPES spectra which
differ in information depth one can conclude that the titanium oxide and oxycarbide
are relatively more abundant in the nearface regions. Spectra measured after the
aging procedure reveal the increas@i®: peaks intensity at the expense of carbidic
species; this effect is again more pronounced in thesqwgface area of the sample
(Fig.60c, d). The TiC chemical state, essential for electron conductivity, is however
still present and clearly distingshable in both neaurface (SRPES) and subsurface
(XPS) regionsThis experiment proves that TiC is capable of withstankliigly anodic
potentials which are inevitable during the OER. Although partial oxidation of the TiC
is observed, it is predominapth surface phenomenon, the extent of which is already
markedly repressed iheclose subsurface regiohhe d@ovementioned leads to our
conclusion that TiC is a suitable conductive support for anode electrocatalyst in PEM
WE applications.

To sum upall the finding of this sulxhapter we can conclude that an alternative
method of the CCM preparation with supported anode electrocatalyst foVIPEM
applicatiors was presented. In contrast to more conventional approaches, our support
material consistsolelyof conductive TiC nanoparticles and Nafion ionomer with no
dispersed catalyst within. The anode electrocataydéeposited onto the surface of
support sublayer only after it was fressed t&EM, resulting in formation afo-to-
saylocalizedTPB.

Pamameters relevant to PEM/E performance such as loading of support material
forming the sublayer, ionomer content within the support sublayer and amount of the
Ir electrocatalyst on the surface of the support sublayer were all systematically varied
and thei influence was investigated. Ideal parameters regarding the support sublayer
were found out to be 0.1 mg.&wf the suppdrmaterial which contained 15tWo of

Nafion ionomer in respect to mass of TiC nanoparticles. Using magnetron sputtering
allowed udo coat the surface of optimized support sublayer with Ir thin films of a very
low loadings. We obtained remarkable PBWE performance, both in terms of
absolute current and also considering the amount of used Ir electrocatalyst.
Electrochemical cycling irronjunction with XPS analysis showed that sputtered Ir
thin film, whichwasmainly in metallic state, undeentfull oxidation to IrG when
exposed to high anodic potentials. Accelerated aging dsstproved sufficient
corrosion resistance of tl@odesupport material. Although moderate oxidation of
TiC was noticed, combination of photoelectron techniques with different information
depth revealed that the effect is predominantly superficial and electrically conductive
TiC state is still present. Thisnaers investigated support maat suitable for the role

of conductive anode catalyst support in REWE applications.

3.3.5 Further optimization of experimental PEM-WE MEA with Ir thin -film
catalyst siypported on TiC particles (PEM and anode GDL)

Up to this point, we have been optimizitige preparation process and composition of
TiC-supported Ir thirfilm catalyst for OER on anode side of PBME. Obviously,

there are plenty of other parameter that have significant effect on the performance of
the cel. We are not referring to éhoperational temperature water pressurbut to

the integral parts of the cell assembly such as PEMaandeGDL. We havebeen
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using NafionN 115 (127 um thick) which is well known golden standard for PEM
WE applications buthere is wide range of other much thinner variants. As we have
shown previously, the overall ohmic cell resistance is to large extent given by the PEM
itself which is responsible for the transfer of protons from anode to cathode. The
thinner the PEM, thdower the proton resistance of the MEA and therefore the
performance However, using thinner membrane means less mechanical stability
(pressure resistance) and mpreminent crossover effed@9]. Keeping this in mind,

we decided to find the optimal PEM for our experimental P& setup. Mmbranes

as thin as 28 uniNafion XL) are routinelyused in PEMFC R&D. In our PBM-WE

cell though,such thin membrane did nstirvive eventhe initial breakin procedure.
Presumably the pressure of water, pushed by peristaltic pump, was too high for the
membrane to hold. Similarly, Nafion NRL.2 61 pum) ruptured ater several minutes

of testing. In Nafion NEL035 (89 um) we finally found the ideal combination of
sufficient mechanical stability and considerably lower thickness in comparison to
previously used NL15. Nafion NE1035 withstood full scale experimental testing for
more tharfour days and did not show any signs of depreciation

Next we searched the market for more porousraliive to our standard Ti mesh
which we used as anode current collector / GDL. It turned out that options are rather
limited. Althoughsuppliers of components feEM-FC and PEMWE offer soto-say

Ti felts with higher specific surfagsee Fig9), the thickness of such feltas too high

for our application (i.e. we could not properly seal the c&lerefore, we had to look
outside thesector of PEM technologies. Eventually we found the right product in
portfolio of companyMott specializing in filtration and flow control foituids in
aerospacendustry. We ordered sheets of sintered porous Ti filter with the same
thickness to that odur standard Ti mesheBetail on much denser and more porous
structure of newly obtained current collector / GDL compared to our standard Ti mesh
can be found in Fi§l.

Figure6l: lefti our previously used Ti mesh; righnhew sintered porous T3DL
(the orange square in left picture has the same view field as the picture on the right)

Similarly to Ti mesh, also the surface of sintered porous Ti GDL has to-tioealtd
to prevent the formation of nonconductive 7iO

Performance comparison BiEA with standard NL15 PEM (127 pumy¥ Ti meshGDL
and MEA with thinner NELO35 PEM(89 um) + sintered porous GDL afterbreak
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in procedurecan be seen iRig. 63. Full details of both MEAS are summed up in Tab.
11 andare for bettecomprehension visuakedin Fig. 62.

Cell TiN-coated Ti anode end plate, graphite cathode end plate (
area 4.4 cr)

Membrane | Nafion N 115 (127 pm thick)or Nafion NE 1035 (89 pm)

Anode side | 50 nm of Ir (113 pg.crd) sputtered on Tiased sublayer O.
mg.cm? (15 wt % of ionome}, hotpressed on anode side of t
membrane

Ti mesh GDL (FuelCellsEtc) + 50 nm of Pt sputtered on top of i
or

sintered porous Ti GDL (Mott Corp.) + 50 nm of Pt sputtered on
top of it

Cathode sidg commercial GIE with 0.4 mg.crif of Pt (Alfa Aesar)

Table 11: details ofMEAs i Ir supported on TiC "top", PEM and anode GDL
optimization

Sintered porous Ti GDL

NE 1035 PEM
or
N 115 PEM

LJ

- Ti mesh GDL

Figure62: MEAs 1 Ir supported on TiC "top", PEM and anode GDL

optimization; components in red were paired together forming one MEA,
components in blue thether MEA
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Figure63: IV curves of MEAs 1 Ir supported on TiC "top", PEM and anode
GDL optimization
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It can be seen that using thinner membranesabgtituting Ti mesh with naln more
porous sintered Ti GDyielded remarkably higher performance. For the first time and
by a large margin we surpassed the benchmark of-RE\Vefficiency (orange dots),
which we set at the beginning of the chapteriB.8ig. 27, while having significantly
lower loading of noble metal on anode (just 113 p¢fkin comparison to standards
PEM-WEs.

By analyzing dataobtained by PEIS at 1.5 V it is cléarconfirmed that the
performance boost indeed comes from ¢benbination of two factorésee Fig.64).
Firstly, the ohmic resistance of MEA with thinner membrane is approximately 0.013
Y | o(woe.r0 1tfis is¥mainly associated with lower proton resistance due to the
thinner nembrane. Secondly, smaller seanc of Nyquist plot of MEA with more
porous sintered Ti shedétom Mott suggests higher reaction kinetics which is in
agreement with the idea of higher specific surface of this GDL and bettee more
evendistribution of electric potential over the Ir thiing.

0.025
= MEA with NE 1035 PEM and sintered porous Ti GDL
00204 * MEAwith N 115 PEM and Ti mesh GDL
E 0.015 - "
e " "
=) . .
N 0.010 - .
E ) .l...... n -. .I
- - p "
0.005 - /. : '-\ \
0.000 T T T Il T T T T T T T T T 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Re(Z) (ohm)

Figure64: Nyquistdiagramsof MEAS T Ir supported on TiC "top", PEM and
anode GDL optimization obtained at 1.5 V

Interestingly enoughwhen we tried to further increase the surfacsimtered porous
Ti GDL by spraying themixture of TiC and Nafion on top of it (total loading of 0.1
mg.cm?, 15 wt % Nafion¥’, the performance did not improvan the conary it
worsened slightlySEM micrograph of sintered porous GDL with additional TiC
based layer on top of it is in Figh. The performance comparisonMEA with plane
sintered porous Ti GDL (the superior curve from Fig3pvs. MEA with sintered
porous Ti GDL + TiC-based layer on top of itafter the breakn procalureis shown

in Fig. 67. MEA with sintered porous Ti GDL + TiC-based layer on top of itis
shown in Fig. 6 and its details are sumed up in Tabl12

30the sme loading and composition of Fifaised support that was also-pogssed on anode

side of the PEM and then sputtered over by Ir thin film
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Figure65: left 7 sintered porous Ti GDL,; right samesintered porous T&DL with

additional 0.1 mg.criof TiC-based layeon top of it (5 wt % of Nafion in respect

to TiC) (the dark bluesquare irtheleft picture has the same view field as the picture
on the right)

Cell TiN-coated Ti anode end plate aghite cathode end plate (acti
area 4.4 cr)

Membrane | Nafion NE 1035 (89 um)

Anode side | 50 nm of Ir (113 pg.cr) sputtered on Tibased sublayer O,
mg.cm? (15 wt % of ionomer), hepressed on anode side of t
membrane

sintered porous Ti GDL (Mot€orp.) + 50 nm of Pt sputtered
top of it+ 0.1 mg.crf TiC-based layer (15 wt % Nafion)
Cathode side commercialGDE with 0.4 mg.cnt of Pt (Alfa Aesar)

Tablel12: details ofMEA with sintered porous Ti GDL + TiC-based layer on top
of it

Figure &: MEA with sintered porous Ti GDL + TiC-based layer on top of it
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