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Abstract

Electrochemicalenergy conversiondevices such aguel cells (FCs) and water electrolyzes
(WE) have attracted attention from the scientific community for their unique ability to
store electrical energy inthe form of hydrogen and then generate electricityby the reverse
process Unfortunately, those devices rely ona significant amount of precious platinum
group metals (PGMs) & rare and expensiveraw materials 6 to catalyze the reactions
involved, i.e. platinum-based catalysts foroxygen reduction reaction (ORR) and hydrogen
oxidation reaction (HOR) in proton exchange membrane REM) FCs and iridium for
oxygen evolution reaction (OER)on one side of WE and Pt for hydrogen evolution reaction
(HER) on the other side The high prices and scarcity of materialsare a bottleneck forthe
widespread application of those technologies and slowing down the transition to clean
energy. Therefore,reducing the costand consumpton of PGMs while keeping the same
performances(activity and stability ) is of primordial importance. Severalstrategies have
beencommonly used to optimize the utilization of PGMs, like the deposiion of precious
metals as nanoparticleson high surface area supportor alloying with less noble metals.In
the case of PEMFC (ORR and HOR), these methods have beeproven effective and Pt
M (M: Co, Cu, Ni or Fe) supported on carbon black is becoming the state-of-the-art
catalyst. Nonethelessno suitable support has beerwidely accepted as the stateof-the-art
support for OER catalysts in acidic mediaas carbon cannot be usedn the highly oxidative
environment of OER where it oxidizes to CO,. Moreover,alloying Ir with some lessnoble
metals leads to heavy leaching duringOER and poisoning in the WE. Therefore, a
conductive, high surface area and stable support still neexto be found. Another possibility
to decrease the overall priceof these technologiess by combining them into one unitized
regenerative fuel cell (URFC) able to perform as FC wherelectric energy is needed and as
WE when a surplus of energy is availableIn this device, one catalyst should be able to
perform both HOR and HER, i.e. an ultra-low amount of Pt supported on carbon. On the
other side, for ORR and OER, the current state-of-the-art bifunctional catalyst is a
physical mixture of unsupported Pt and Ir powders The former one is currently not
suitable for large-scale production as it still requires significant amounts of PGMs.
NonethelessPt/Ir nanoparticles deposited orappropriate support, able to withstand OER
conditions, would ideally allow a decreasen the price of the technolog/ while keeping the
same performancesHereby, we investigate possible support fotOER and bifunctional
catalysts. The material chosenas potential support wastitanium oxynitride ( TiON,). TiO
is stable under OER conditions but not conductive while TiN is conductive but not as
stable. Therefore, TION, was investigated as it couldexhibit the best properties of both.
First, this support was studied in combination with Ir nanoparticles for OER. Modification
by adding a carbon template was used toadditionally increase the surface area othe
catalyst. Finally, different metal nanoparticles able to catalyze both ORR and OER
catalysts were deposited onour carbonmodified TiONx and the performance & this
bifunctional nanaccomposite was investigated. The choice of the compounds for ORR
catalyst was made aftera careful comparison of different Ptalloys while Ir + Ru was used
for OER.
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Povzetek

Naprave za elektrokemino pretvorbo energije
elektrolizatorji (WE), so pritegnile pozornost znanstvene skupnosti zaradi svoje edinstvene
sposobnosti shranjevanja elektric¢ne energije
energije zobratnimprocesomNa Zal ost so te naprave odvisne o
kovin platinske skupine (PGM) wredkih in dragih surovin iz a kat al i ziranje v
reakcij, tj. katalizatorjev na osnovi platine za reakcijo redukcije kisika (ORR) in reakcijo

oksidacije vodika (HOR) v protonsko izmenjevalno membrano (PEM) FC in iridij za

reakcijosprgs Canj a kisika (OER) na eni strani WE i n
(HER) na drugi strani. Vi soke cene in pomanj kanje materi a
uporabo teh tehnologij i n updabb@Eesrdnegpmimena pr e h o (
zmanjgamstroskov in porabe PGM ob ohranjanju
stabilnosti.,.Za opti mi zacijo uporabe PGM se pogosto up
nosilca z visoko povrsino, odlaganje pljemeni ti
plemenitimi kovinami. V primeru PEMFC (ORR in HOR) so se te metode izkazale za

ucinkoviMt ¢ Mi phePCo, Cu, Ni ali Fe), podprt na ¢

katalizator Ze v Klpbdemarwohenaustraznapodpooamiibilagph .0 s n o

sprejeta kot najsodobnejsa podpora za katali z:
ni mogocCe uporabiti v zelo oksi dBdegtegasite ok ol j 1
I r z nekateri mi man j pl emeni ti mimedkGQER iinn a mi p
zastrupitev v WE. Zat o je se vedno treba najti prevod:

podporoo.Dr uga moznost za zni z2zanje skupne cene teh
enotno regenerativho gorivno celico (URFC), ki lahko deluje kot FC, ko g potrebna
el ektricna energija, in kot VWkEnaprakibimprabitna v ol j
en Kkatalizator sposoben izvajati tako HOR kot HER, in sicer katalizator z ultra nizko
kol i ¢i no PtPo drai smagilpa je kauORR in OER trenut n i naj sodobne

bi funkcionalni katalizator fi zi kRnlitreeutname s ani c a
primeren za velikoserijsko proizvodnjo, saj S
temu Dbi nanodel ci Pt/ I r, dahko@rénese ipogajeaOER, ¥t r e z n C
i dealnem primeru omogocCi i zni Zzanje cene tehn

Material, izbran kot potencialna podpora, je bil titanov oksinitrid (TION ). Dejansko je

TiO, stabilen v pogojih OER, vendar ni prevoden, meltem ko je TiN prevoden, vendar ni

tako stabilen. Zato je bil TION,r azi s kan, s aj bi |l ahko pokazal
Naj pr ej so to podporo proucevaldi v kombinaci
dodaj anjem karbonske smmadb | mae dpdatbhnd ap ouvpeolr aanbj
katalizatorja. Kon¢no so bili razlicni kovinski nanode
ORR in OER, naneseni na nas x ia raziskphaj j¢é kilam modi
uCinkovitost tega bif uizkraspgimzakaizagoaORRgEbilak o mp o z i
narejena po nat anc¢ n izltip, médtem kojjeabil Ir + Ruapoldablighn i h Pt
za OER.
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Chapter 1

Int roduction

1.1 Hydrogen Cycle

In the last few years, the effects ofglobal warming have become more visible as the number
of natural disasters has increased all over the worfd These events not only more frequent
but also more intense(fires, storms, floods, droughts, etc.), are due to the steep increase of
CO, emissionsin the last 70 years (Figure 1.1ay. On the 9th of August 2021, the
intergovernmental panel on climate change PCC) released the first report of the 6th
assessment on global warmingvhere the experts highlighted the rapid evolution of our
climate due to human influence and the urge to tackle the incoming/present crisis by
reducing the emission of greenhouse gaseAt the same time, the overall worldwide energy
demand is expected torise, and thus new, greenergefficient sources of energy are needed
more than ever*>,

The main three energy demanding sectors are industry, residential/commercial
powering (e.g. housing heating and cooling and transport®. While the first two can in
principle be sustained byrenewablestationary stations, transport needsa mobile energy
carrier. Therefore, conversion and storage processes need to be developed alongside the
worldwide establishment of sustainable energytechnologies Unfortunately, renewable
energy sources with the most extension potential, i.e. wind and dar, have major
drawbacks.Indeed, such supplies of energyary in the amount of electricity produced and
obey to some cycle €.g. day/night, summer/winter cycles for solar power, Figure 1.1b)".
Thus, an efficient energy conversion processvould not only benefit the transport sector
but also make intermittent renewable energy sources like wind and solar more reliable and
ease their implementation.

1500% @ e b

1960 1970 1980 1990 2000 2010 2020 Hydro 0 Biomass Solar 0 Wind Onshore 0 Wind Offshore

Figure 1.1: a) Augmentation of annual CO, emissionsince 1958 b) Energy production
from renewable sources in Germanyluring September 2022
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Hydrogen is particularly interesting as an energy carrier as it possesses the highest
weight-specific energy density (142MJ/kg) 8. Currently, almost all of the hydrogen is
produced viasteam reforming of fossil fuels, producing CO and C®in addition to H, and
is therefore not a green procesgcalled gray hydrogeny: °. If hydrogen is to be used as a
green energy carrier, a cheapgcompetitive, and sustainable poduction of hydrogen needs
to be implemented (Figure 2a)*’. A promising green technique to produce hydrogen is the
electrochemical splitting of waterto its prime compounds hydrogen and oxygen(oxygen
evolution reaction, OER), in a water electrolyzer (WE)** 3. The only requirement is to
provide energy from renewable sourcesn a form of electricity and water. It has the
advantage to producepurer H, comparedto steam reforming where CO contamination is
an issué*. Moreover, H, and O, can then be combined again(oxygen reduction reaction,
ORR) in a proton exchange membranduel cell (PEMFC) which will produce energy and
have only water and some heatas a side product'®. These two reactions formed the so
called hydrogen cycle which is the base ofa hydrogen economy.

In the case where the energy supply to break down water comes from renewables, the
hydrogen cycle is a perfectly green process as there are no pollutants and the only
product/reagent besides electrons are water and heatvhich can also be usedin this case,
hydrogen becomes the perfect green energy carrier for the transition from fossil fubhsed
energy society (Figurel.2b).

b Hydrogen Cycle
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Figure 1.2 a) Objective of the U.S. Department of Energy in terms of hydrogen
production**. b) Schematic of the hydrogen cycle economy
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The overall reaction of the hydrogen cycle can be written askqg. 1).
O2+2H2: 2 20H energy E=1.23VruE (1)

The thermodynamidequilibrium cell potential (E) of this reaction is 1.23 Vkrue. In
practice, an overpotential is observed for every electrochemical reaction. It means that
additional energy needs to be applied to runthe reactions due to the sluggish kinetics’
and the binding strength (free energy of adsorption) of the intermediate¥ *°. Therefore,
the OER occurs at a more positive potential than 1.23 Vrue (around 1.5 wl1.7 Vrae) While
the ORR is happening ata more negative potential(0.9 - 0.6 Vrwe). Catalysts are required
to limit the overpotentials and be as energy efficient as possiblé. The best ones currently
known are based on precious and rare platinum group metals (PGMs) whiclpresentan
important cost and supply bottleneck in the production of WE and FC. Due to their
scarcity and usefulness the European Union declared the PGMs as critical raw materials
(CRMs)®. Therefore their usage must be optimized or even omitted if possible The
detailed reaction and stateof-the-art of these devices their catalysts, and the different
options to efficiently increase the PGMs utilization are presentedbelow.
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1.1.1 Fuelcell

A fuel cell is a device able to combine hydrogen and oxygen gas to produce electricitit
is composed of two electrodes (anode and catheylwhich are separated by an electrolyte.
Specific ions can be transfered through the electrolyte/membrane from one electrode to
the other. Several technologiegxist and they are differentiated by the electrolyte pH, ions
travelling from one electrode tothe other, and operating temperatured' 2 Namely, alkaline
fuel cells (AFCs) and (usually) molten carbonate fuel cell (MCFC) have a high pH
electrolyte while proton exchange membrane fuel cells (PEMFQsand phosphoric acid fuel
cell (PAFC) have an acidic electrolyte but operate at various temperatures (Figure 1.3).
In solid oxide fuel cell (SOFC), O2- ion is passing through a solid electrolyte (ceramic).
They operate at the highest temperature among all the fuel cells.

Alkaline fuel cells have seveal advantages over their acidic counterpart. They use
cheap and abundant materials as catalysts which drastically decreases the production
cosf® They have high energyefficiency(electricity produced/hydrogen consumed)and can
be operated at low (ambiet) temperatures. However, due to the problem of electrolyte
poisoningby CO; (formation of COg3Y), high maintenance cost, high riskoperation (crossover
of H, and O), and stability issues, the acidic devices areseen as more promising and thus
they are the state-of-the-art FC* 3,

Akaline
Fuel Cell

Liquid electrolyte, pure O2 need

Proton Exchange
Fued Cell

Suitable temp, robust, rel. cheap

Direct Methano!
Fuel Cet

CO2 as byproduct, bad efficiency

Phosphoric Ackd
Fuel Ced

Elution of acid, high temp

Molten Carbonate
Fued Call

High temp, liquid electrolyte

Solid Oxide
Fuel Cell

Very High temp, starting time,
materials, expensive

Anode Electrolyte  Cathode

Figure 1.3: Schematic of the differenttype of fuel cellsand their basic properties®.

Among the various fuel cells, PEMFC is the only one that operates with a good
efficiency at moderated temperature (around 80°C, while 200°C for PAFC, 60000°C for
MOFC and 500-1000°C for SOFC), which increases the durability of materials and makes
them more suitable for transport applications?. Moreover, The PEMFC also hasa shorter
start-up and transient response than the high temperature fuel cells (sec/min vs hour$)
Therefore, they became the mosstudied fuel cell and are the most promising technology
using the hydrogen cyclen transport applications?.

Nonetheless, the pririple of operations is similar for all the acidic fuel cells. H/drogen
is split into H* (Hydrogen Oxidation Reaction, HOR, Equation 2) on the anode. The
protons then travel through the membrane to the cathode side. At this electrode, the
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protons are combired with O, to produce water (ORR, Equation 3) as schemd in Figure
14.

2H2A 4HY +4 e E°(H*/H2) =0V rrE (2)

O2+4H*+4e A 2H0 E°(O2/H20)=1.23 V ree (3)

H, / O, fuel cell

Total reaction: O, + 2H,~=2H,0
AG = -4744 k)

¥ E=1229V

Anode (-) (+) Cathode
e
Hydrogen = TS - Oxygen

Hi

Excess H, Water
Hydrogen I Heat

Figure 1.4 Representationof a fuel cell systent?.

In order to improve the kinetics of the reaction, catalysts are used on both electrodes.
HOR on the anodeis already fastand only a low amount of Pt deposited on carboris used
as catalyst (0.025mge/cm?)?°, On the other side, the ORR exhibits slower kinetics. It is
the limitin g reaction in the fuel cell and the efficiency of the device depends on the efficiency
of this reaction. Currently, the state-of-the-art catalyst is alsoPt supported on carbon, but
to compensate for lowORR activity, higher loading is neede#.

The catalysts are evaluated based on the potential needed to reach a certain current
density or, oppositely, based on the current density provided at a specific potentialln the
case of ORR, themass and/or electroactive surface areanormalized current density at 0.9
Vrue is the comparison point.

1111  Hydrogen oxidation reaction

The hydrogen oxidation reaction generates 2 electrons aniinplies two elementary steps.
Two different pathways are possible and the mechanism of reacin follows either the
Tafel/Volmer or the Heyrovsky/Volmer pathway *? (Figure 1.5).

General reaction: H2A 2H* + 2 ¢ E=0V rre (4)

First, Hydrogen dissociates via either the Tafelor the Heyrovsky step.
Tafel step (dissociative adsorptionof Hy):

Hz + 2¢ A 2 Hads (5)

Where * is a free adsorption site
Or the Heyrovsky step(dissociationionization):



1.1 Hydrogen Cycle 5

H2o A H¥S+e +H* (6)

And the adsorbed H is then transformed into proton with the loss of an electron in the
Volmer step (oxidative desorption):

Hads A H* +e- (7)

For an ideal catalyst, the binding of H3, H, and H* is the same. Theoretically, if the
binding of H** is too strong, the Volmer step limits the reaction. On the other hand, if the
binding is too weak, the Tafel/Heyrovsky step is the limiting step**. According to the
latest research in acidic media with a Pt catalyst, the rate of the hydrogen adsorpton and
HER reactions is so high that the rate determining step is actually the masstransport®.
Only low amounts of Pt are needed (0.025 mg/cm?? and thus, the anode does not
contribute much to the overall price of PEMFC comparedto the ORR electrode.

Volmer-Tafel Volmer-Heyrovsky
mechanism mechanism
@ ¢
t 6 t o—®
& H £
—6¢ Pt

Volmer reaction
(acidic media)

Figure 1.5: Scheme of the proposed BR mechanisms in acidic medim. Modified from®.

1112  Oxygen reduction reaction

The oxygen reduction reaction is a more complexyrocessthat involves multiple steps and
the transfer of up to 4 electrons. Wroblowa et al. proposed the following mechanism
pathways (Figure 1.6)%.

ORR
t s
<
OER
. ay Y dissociation (ORR)
Ba ‘ recombination (OER)
5
=OH"™ + 0" < associative
\ S‘\ v 3 y Iy ,~§ peroxo

ads > ods > ads ads PO s ads :
0_, < >00H < >HOOH < >O0OH""+OH" = ’VHZO +HJO mechanism

Figure 1.6: Scheme of theproposed ORR and OER mechanisnt&
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Different mechanisns can occur, the two electrons pathway, also called the peroxo
mechanism (or second associative, Figurel.7) as it involves the formation of H.O, as
intermediate, and two pathways involving a transfer of four electrons associative or
dissaiative mechanisns'? % 3. The 4 electrons pathwaysare desiredin a fuel cell as the
peroxide producel in the 2 & mechanisng can decompose in radical species which degrade
the components of the fuel cell (e.g. the membrané). The peroxide route also has a lower
energy conversion efficiendy. The Pt-based catalysts used argropitious to lead to the 4
e pathway™. At low current densities, the dissociative mechanismis predominant® “, It
can be written with three different steps. First, oxygen breaks during the adsorption and
2 atomic O are adsorbed.

Oz + 2t A 2 Oads (8)

Where * is a free adsorption site
Then, the atomic O further gains two electrons in two consecutive steps

0% + H* + & A OHads 9)
OHads + H* +e- A H20 +* (10)

At higher current density range (and thus higher overpotentials) the associative
mechanism becomes prevalentlt could be due to the increasing O coverage of the
electrode$® *, and thus a decreasein O, dissociation rate (first step of dissociative
mechanism). In the associative mdtanism, the first step is the adsorption of oxygenon
the surface without breakingthe O-O bond.

O2+* A Oyads (11)

Afterwards, OOHsis formed which then breaks into 0 and OHs,

0%+ H* +e- A HOOds (12)
HOOads A Qads + QH ads (13)

Then, O*s s transformed in another OHs,
Qs+ H* +e- A OHads (9)

Finally, water is formed by the combination of OH®* and a proton, freeing the
adsorption sites,

OHads + H* + e A H20 + * (10)
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Figure 1.7: lllustration of the proposed GRR mechanisns in acidic media®’.

The formation/removal/binding of the different oxygen species (&, OH%, OOH3%) is
rate-determining for ORR and defines the catalyst performance®. The binding energy of
these speciess linearly related to each other. Thus, the binding energy of one species is a
sufficient descriptor to describe the activity of the catalyst, the so-called scaling
relationship'” 2. In the case of the 4e pathways, the ORR is limited by the formation of
OOH?* species Equation 12) or by the removal of OH2* (Equation 10)*® 4, Sabatier
principle enounce that the adsorption of these two species on the catalyst should nobe
too strong nor too weak. Therefore, a Volcanoplot can be constructed and the materials
at the left of it bind oxygen speciestoo strongly (OH® removal is the limiting step), the
ones at the right bind oxygen species not strongly enough (OOF: formation is limiting)
while the ones at the top are the best catalysts for ORR(Figure 1.8)* %,
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Figure 1.8: a) Volcanotype relationship for the ORR activity versus the oxygen binding
energyin acidic media®. b) Relationships between the electronic structure and the catalytic
properties of PtsM alloys®.

While Pt is the closest to the top among the pure metal, alloying it with less noble
metals allowsfor even better balance between the biding of oxygen speciexisorbed of
surface Pt % The special structure of the alloy, with a Pt shell on the surface while the
less noble metal is in the core.This causes a downward shift of the d-band center
(increasing dband vacancy) resulting in a weakened PtO bond* “. In addition to this
electronic effect a strain effect participates in the activity improvement. The distance
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between PtM (M is a transition metal) and Pt -Pt is different and thus the surface atoms
are compressed, inducin@ reduction of the d-band level and thus improving ORR activity
(Figure 1.8b)* %% Another huge advantage of the alloying process is the reduction of Pt
needed in the catalyst. Indeed, the scare and expensive Pt is diluted in the core of the
nanoparticles and thus less of it is needed for the samer even better electroclemically
active surface area (ECSA), and thuselectrochemical performancé%>.,

Another way to increase the Pt utilization is by supporting the nanoparticles on a high
surface area, conductiveand stable support®2. The most common one for ORR catalystsis
carbor?? It presents all the necessary characteristics foelectrocatalyst support. Moreover,
the support can also help to improve the activity through the wellknown strong metal
support interaction (SMSl)** and/or electronic metal-support interaction (EMSI)*%. The
EMSI has recently been proposed by Campbelis a more precisanetal-support interaction
(MSI)% It is used to specifically describe the electronic perturbations (charge transfer) at
the metal-support interface oppositely to the SMSI which refers to any change in
chemisorption properties of the active metal while supported on another materiat *.
However, the EMSI was mostly described for ingle atoms and snall nanoparticles and
becomes increasinghydifficult to characterize with bigger nanoparticle$> *’. Distinction
between the two is difficult without specific characterization and thus the term SMSI will
be used indifferently for all the interactions between the support and the active
nanoparticlesin the rest of the text.

The Pt-based catalysts on carbon reached the top of the volcano thanks to the activity
enhancements due to support and alloying.Hence any further impressive activity
improvement is unlikely to happen in the future and, consequently, the biggest challenge
in the ORR community is to improve long-term stability. Therefore, understanding the
degradation of Pt-based catalysts is primordial to design new catalysts with better stability.
Several mechanisms have been identified as the degradai processes of Rbased
catalysts® *° (Figure 1.9). They fall into two categories, the primary degradation
mechanisms, related to the operational conditions, and the secondary degradation
mechanisms, happening due to the primary degradatiofi%

In the first category, the most important processes are the dissolution of Pt
nanoparticles, with a Pt-O exchange mechanisfy, and the corrosion of the carbon
support®2 83 The reshaping of the nanoparticles and the dealloying of the less noble metal
are also primary degradation processé&s Those induce the other degradation processes.
Namely, Ostwald ripening, detachment, and agglomeration of particlé® %. Similarly to
dealloying, leaching of the less noble metalis a secondarydegradation processas some
fresh transition metal atoms are exposed to the electrolyte (and thus to possible dissolution)
after the dissolution of Pt. Reshaping is a primary degradation but can also be considered
as a secondary process due to Ostwald ripening and agglomeration.
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Figure 1.9: lllustration of the different degradation mechanisms of ORR catalyst, carbon
corrosion, dissolution, Ostwald ripening, agglomeratiorand detachment®,

Even if PY/C is still considered as the stateof-the-art catalyst for ORR, activity
improvement has been possible through alloying with less noble metaiwhile reducing the
cost The major drawback of Pt-M/C catalysts is the stability and extensive studies are
performed to understand the differences between different alloys and how to improve their
stability 67°°,

1.1.2 Water electrolyzer

A water electrolyzer is a device that useselectrical energy toelectrocatalytically split water
into hydrogen and oxygen. Under acidic condiibns, water is split at the anode into oxygen
and protons (oxygen evolution reaction, OER Equation 14). The proton then travels
through the membrane to reach the cathode where it is evolved into hydrogen gas
(hydrogen evolution reaction HER, Equation 15).

2H0A O2+4H* +4e- E=1.23V rue (14)

4H* +4e A 2H2 E=0V rre (15

Again, the theoretical potentials are shown, and they are identicato those in PEMFC
as it representsthe reverseprocess|n practice, an overpotential is also observed in a WE.
The overpotential of HER is slightly more negative (few mV) due to Pt being an extremely
good catalyst for this reaction, even with low amountg®. Therefore, the reaction limiting
the WE efficiency is the oxygeninvolved one, the OER and overpotentials of a few
hundred mV are observedeven with the best catalysts> "°. Consequently, the potential
needed to reach a current density of 10 mA/cni is commonly used to compare the studied
materials’. Another option is to comparethe massnormalized current density obtained at
a specific potential, usually 1.51, 1.55 and 1.6 Vrue are employed but various other
potentials are also use® "2
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Water electrolyzer

, Total reaction: 2H.O - 2H,+ O,
[ AG = +4744 k)

E=1229V
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Figure 1.10. Representationof an electrolyzer systent.

1121  Hydrogen evolution reaction

The hydrogen evolution reactionin acid follows the same possible pathwayas HOR but
in the reverse directions?. Namely, the general reaction is

2H* +2e . H2 (16)
The first step is the Volmer step:
H* +e- A Hads (17)
Followed by either the Heyrovsky step
Hads+ H*+e - A Ha+* (18
Or the Tafel step:
2 Hads A Ho + 2% (19

Where * is an active site.

First, Trasatti used the work function of the catalyst as a descriptor for the HER
activity *. This was based on the observation of a linear relationship between the logarithm
of the exchange current density of HER and the work function. Later, Norskov et al.
generateda volcanoplot by plotting the experimental exchange current densities as a
function of the calculated hydrogen chemisorption energiés(Figure 1.11).
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Figure 1.11 Volcanotype relationship for the HER current densitiesversusthe hydrogen
binding energy®.

Identically to HOR, Pt is the state -of-the-art catalyst for HER. It presents a high
activity, with low overpotential, and the rate of the reaction is extremely fast. Therefore,
the reaction is quickly limited by the diffusion of H **2 The scarcity of Ptis not a bottleneck
in commercialization as loading of 0.5- 1.0 mg/cm? are sufficient for good efficiency of the
WE'.

1.1.22  Oxygen evolution reaction

The oxygen evolution reaction pathway in acid is opposite to the ORR pathways (see
Figure 1.6). In short, three pathways are conceivabl€. The first step is always the
formation of an OH* species fromthe adsorbed water.

HO +* A OH¥s+H* +e- (20)

a) Afterwards, in the recombination pathway (opposite of dissociation for ORR), also
known as the oxide path,two OH* can releasea water molecule and form a Q%

2 0Hads A Qs+ * + H 20 (21)
The third step of this pathway is the formation of O , from two O3 species.
2 (Qads A O,2ads (22)

b) In the second possible mechanisnthe electrochemical oxide path, opposite to the
associativefor ORR, the OH* |oses one proton without the formation of water. This step
can occur twice to form two O 2%,

OHads A Qads+ H* + ¢ (23)
The following step is then similar to the oxide path.
2 Qads A Qads (22)
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¢) The last mechanismis the electrochemical metal peroxide path. It involves the
formation of a peroxide and starts similarly to the oxide path ( Equation 21). The second
step is the reaction between G% and H,O which is then followed by the loss of a proton.

2 OHads A Qs + %+ H ;0 (21)
02 + H 20 A HOOHads (24)
HOOHads A OOHads + H * + e (25)

Finally, the additional loss ofa proton leads to O, formation.
OOHads A Oxads + H + + - (26)

The mechanism taking placedepends on thecatalyst itself but also on the applied
potential as seen by the switch in Tafel slope in different potential windows (Figure
1.129"”. The Tafel slope rdates the rate of an electrochemical reaction to the
overpotential®. The Tafel slope is determined by the ate-determining step (RDS) and thus
a different Tafel slope indicates differentRDS in the OER mechanisnt®. However, a similar
Tafel slope is not sufficient to identify the RDS or mechanism. Indeed, different RDS in
different mechanisms can have the same Tafel slofle

Comparably to the ORR, a volcano plot can be built from the oxygen species binding
energy (Figure 1.12b)%° Either OOH®® can be adsorbed too strongly or @ is too weakly
adsorbed, determiningthe rate of the reaction'®. However, oppositely to ORR, the
conditions of the reaction (potential above 1.23 \iye) imply that the reaction is taking
place on metal oxides and not on pure metaf &L
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Figure 1.12 a) Tafel plot for OER on IrO , (110) calculated by DFT. The red dots highlight
the linear regions in the Tafel plot”. b) Volcanotype relationship for the OER activity
versus the oxygen binding energ¥.

It can be seen inFigure 1.12 that the materials the closest to the top (and thus the
most active ones)are Ru-oxides and notthe state-of-the-art catalysts, Ir-oxides®. This is
explained by the stability of the materials. Indeed, stability is also an important parameter
for electrocatalyst and, unfortunately, Ru-oxides dissolve constantly at OER condition¥
8 At similar potentials to OER, Ru-oxides transition from a lower to a higher oxidation
state (e.g. RuG; to RuO,). RuO, species arggaseousand thus induce Ru dissolutionwhich
makes Ru unsuitable as a catalyst for WE without improved stability ®. Therefore, the
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current state-of-the-art catalysts are Ir-oxides as they present the best activity/stability
tradeoff*2

Unfortunately, iridium is considered as a CRM thus WE will never reach worldwide
commercialization if bulk iridium is used asthe OER catalysts?® ®. Therefore, Ir utilization
should be optimized. Similarly to Pt -based catalysts,few studies ofalloying Ir with less
expensive and more abundantransition metal (Ni, Co) were published but the dissolution
of the transition metal during OER operations was rarely addressed®. In fact, the
improved activities recorded were often ascribed to an increase of the ECSA after a massive
de-alloying instead of some other explanation likea strain and/or electronic effect due to
the less noblemetal®* #. The other method to increase the utilization is by using a high
surface area support to disperse nanopatrticles of the precious metaliowever, the classic
carbon support commonly used is not stable under OER condition®. Several other
materials have been studied as potatial support for OER catalysts but not many materials
meet the requirements of electrocatalysts support under the harsh conditions of OER
Indeed, the carbides® *?, pervoskite$®, nitrides® %, and metal oxides®'® proposed as
potential supports usually lack one of the necessary characteristics of electrochemical
support, namely stability, high surface area or conductivity’®. These properties can be
tuned to a certain extent through doping but often to the cost of other features. For
exanple, the doping of the tin-based supports, the most stuied support material for OER
catalysts® 1®1% can increase their conductivity but at the expense oflower stability due
to the dissolution of the doping element® 1, Another possibility is to increase conductivity
by using high loadings of Ir (over 60 wt% of the catalyst'®®) but then the goal of ultra -low
loadings of PGMs will not be reacted®. Currently, no material has been accepted as
benchmark support for OER.

1.1.3 Un tized reversible fuel cell

A fuel cell can produceelectrical energy by combining oxygen and hydrogen while water
electrolyser deviceuses the surplus of electrical energy to split water into its basic
components H, and O.. The unitized reversible fuelcell (URFC) device is able to function
in both modes, fuel cell to produce electricity and electrolyserto convert it into chemical
bonds®. This results in an overall smaller devicethan the separate FC + WE. It proves
itself useful in some cases like space exploration where savingeight is primordial*®. It
also reduces the cost of the overall catalysts. Indeed, instead of having Pt/Pt
(anode/cathode) catalysts in fuel cell plus Ir/Pt (anode/cathode) catalysts in WE,
bifunctional catalysts are usedin URFC, resulting in a lower amount of precious metal¥®.
However, the state-of-the-art bifunctional catalysts are simple physical mixtures of Pt and
Ir, allowing a lot of spacefor improvement'.

A URFC can be constructed in two different ways (Figure 1.13)*2. In the first mode
(mode A, onthe leftin Figure 1.13), the electrodes areexposedo the same gases (hydrogen
for one, oxygen for the other) in both FC and WE mode'®. The advantage is
straightforward gas managementEach electrode will act as a cathode in one mode and as
the anode in the other one.On the hydrogen electrode a small amount of Pt on carbonis
enough as it is an excellent catalyst for both HOR and HER. On the oxygen eleabde, Pt
and Ir are mixed to provide activity for ORR and OER, respectively™. In mode B (right
in Figure 1.13), the oxidation processes willtake place on the same electrode (anode) in
both FC and WE, and the reduction reactions will take place on the other electrode
(cathode) each time. The cathode catalyst is Pton carbon a good catalyst for ORR and
HER (reduction processes)However, higher loading is needed than on the hydrogen
electrode of mode A due to the ORR. On the anode, the bifunctional mixPt+Ir is sufficient
for OER and HOR (oxidation processes)
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URFC built on the model A are more frequent because they are safer and easier to
build. Modd B requires oneto switch from oxygen to hydrogen and viceversa every time
you changebetween FC and WE mode which can be dangerous and purging with inert
gas in between is neededHowever, it presents higher performances in FC mode and equal
performances in WE than the mode A2

A | B

WATER ELECTROLYSIS MODE

2H'42e—H, | HO512042e42H' | 2H+2e—H, H,0—1/20,42c+2H"

cathode anode

cathode
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Pt

1
[
T
|
I
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Pt4lr I
'
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i !
anode ! cathode | cathode 3 anode
1
H,=2H"+2e ' 120,42+ 2H*-»H,0 | 1/20,42e+2H*—H,0 H,=2H*+2¢

FUEL CELL MODE

'
hydrogen oxygen ) reduction oxidation
electrode electrode 1 electrode electrode

Figure 1.13: Representationof the two possible modes of operation of a URFE2.

Even if the overall amount of PGMs used in URFC is lower than for FC/WE duo, the
bifunctional catalyst involved in OER still required a considerableamount of Ir and Pt.
The solution to better utilizat ion is the introduction of suitable support. Electrocatalyst
support should have a high surface area, good conductivity, and be stable in the range of
operational conditions™ %5, Currently, no material presents these three characteristics for
OER in WE/ URFC (around 80°C, pH 1 and a highly oxidizing environment). The usual
carbon used as a support for Pt (ORR, HER, HOR) is oxidized to CQ;, at this potential,
leading to high degradation of the catalyst®. Even so, some graphitized carbos) a more
stable form of carbon, have been proposed as potential support for bifunctional catalyst$
18 The same materials proposed for single OER catalysts can be considersdch asthe
electrically conductive transition metal-based materialsas Ebonex fmostly composed of the
suboxide Ti 07)1°, TiodNbo10,1%, dopedSnQ, (ATO, ITO, FTO , Ta-TO)% % %16 TjC%
and TiN®. However, all of the proposed materials currently lack oneof the requirements
for good electiocatalyst support, namely high surface area, gooctonductivity, and good
stability. Therefore, there is still room for improvement of the PGMs utilization in
bifunctional catalysts in URFC, notably through the development of a high surface area,
conductive and stable support.
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Chapter 2

Motivationand  Obijectives

To reach commercialization ofURFC, the overall price of the devices has to be reduced
drastically®s. The most expensive pars are the catalysts for oxygen reactions due to the
high amount of PGMs needed.The cost can be decreased bimproving catalyst utilization ,
i.e. maximizing the exposed stface area or its activity per gram of PGM. It can be achieved
by alloying PGMs with a cheaper transition metal T his approachhas been proven effective
for ORR catalysts made out of Pt-M alloys (M: Co, Ni, Fe, Cu)*. However,the stability
of the less nolle metal is already problematic during ORR®” and it is expected to be worst
during OER" Another tactic to boost the utilization of precious metals is by supporting
them on a high surface area suppoff. However, no material has been proven to achieve
all the requirementsfor good ORR and OER catalyst support.

This work focuses onthe thorough investigation of potential bifunctional catalysts for
URFC. Two main aspectsmust be considered First, which materials to use as catalyss
for ORR and OER. Many different Pt -M alloys can be employed for ORR while Ir and Ru
are the two common options for OER. At the beginning, an extensive study of benchmark
Pt-alloys was performed to analyze the differences due tite less noble metal Att he same
time, this research was used tcestablish a protocolon how to appropriately characterize
and evaluate an electrocatalyst. Indeed, many techniques and parameters need to be
accounted for while comparing electrocatalystsvith each other and with the literature
data. For some reactions/materials, benchmark protocolghat facilitate the comparison are
implemented This is, however, not true for all the investigated reactions/materials.
Therefore, it is important to present our groups ®pproach to electocatalysts studes and
how to understand the differences between them.

Secondly, a stable, conductive, and high surface area materialas proposeds a support
for URFC. Hereby, westudied titanium -based support able to withstand OER conditions
and thus suitable for bifunctional catalysts. The TION « support proposed is acombination
of TiO, and TiN parts which provide good stability (property of TiO;) and sufficient
conductivity ( property of TiN) even at low PGMs loading. Unfortunately, TiON , wmade
from TiO, wtends to not provide a high surface area This problem was addressed by
investigating different morphologes of the support, and ultimately graphene was used to
improve the dispersionand thus surface area of the support.In summary, the following
topics are discussed in this work:

(i) Case study of ORR catalyst 8 Pt-alloys, establishing a protocol to study
electrocatalystand which alloy to choose Chapter 4)?

(i) TION 4 as potential support for OER (Chapter 5).

(iii) Effect of TION x morphology on OER activity and stability (Chapter 5.3).

(iv) Using a graphenebasedtemplate for TiON x to enhanceOER (Chapter 5.4).

(v) Optimizing bifunctional catalysts (Chapter 6).
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Chapter 3

Materials and M ethods

This chapter presents thevarious experimental techniques and methods used teynthesize
materials, preparesamplesand study catalysts performances and characteristicsThe work
describedbelow was performed in collaboration with many scientistsand experts in their
field. The details can be found in the @rresponding chapter

3.1 Material Preparation

MilliQ water (18.2 MY .cm) was used for catalysts synthesis and for electrolyte
preparation. Benchmarks materials yarious Pt/C; various Pt-M/C from Fuel Cell Store
(FCS); Ir, and IrO ,, Alfa Aesar) were used asreceived without further treatment.

3.1.1 Synthesis

3111 INTION « materials and Ir/C (Chapter 5.2 )

Iridium nanopatrticles deposited on two different titanium oxynitrate supports; Ir/TION
(IF/TION «-NR and Ir/TiON «-P25); and on carbon (Ir/C) were prepared

The titanium oxynitride n anoribbons (TiONx-NR) were synthesized by weighting 225
mg of the hydrogen titanate nanoribbons in a quartz boat which was then placed in an
oven and heated to 800°C at a ramp rate of 7.2°C/min. The heating was performed in a
NHs(g)/Ar(g) atmosphere, with a flow ratio of 30/10 mL/min. The sample was maintained
at the selected temperature for 3 h before cooling down to room temperature (RT). The
iridium nanoparticles were prepared by dissolving 22 mg ofridium (Ill) bromide hydrate
(Sigma-Aldrich, St. Louis, MO) in 0.6 mL of water at 50°C. The solution was then mixed
with 30 mg of the prepared support at 50°C until evaporation of the solvent. Afterwards,
the obtained mixture was annealed in a 5% HAr atmosphere. The annealing was
performed at 400°C for 1h wvith an increasing temperature rate of 2°C/min and a cooling
down rate of 3°C/min to RT. The final composite material (Ir -TiONx-NR) contained 23
wit% of iridium.

Another TiON, substrate was prepared from commercial Ti@ nanoparticles (P25,
Degussa). The received Ti@P25 nanoparticles were heated in a Nk atmosphere (flow
rate, 50 mL/min) at 800°C for 6h. The same procedureasfor Ir -TiON .-NR was employed
to deposit Ir nanoparticles on the newly prepared support. The final composite (Ir/TiON -
P25) contained 22 wt% of Ir after thermal treatment.

The same procedure was employed teynthesizelr nanoparticles on a carbon support
The Ir particle size distribution was comparable to the Ir/TION , materials.
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3112 TiON ,-nh-Ir (Chapter 5.3)

Three different TiON,-nh-Ir catalysts were prepared following the procedure shown in
Figure 3.1 Firstly, a previously cleaned (with acetone and ethanol in an ultrasonic bath)
titanium foil (200 um thick, 99.8%, Baoji Lyne Metals Co., Ltd) was anodized in a 0.3 wt%
NHJF (99.99%, SigmaAldrich) and 2 vol.% deionized water in ethylene glycol (99.5%,
Carlo Erba Reagents) electrolyte.The foil was anodized at a constant potential of 60 V in
a two-electrode electrochemical cell using a stainlesgeel counter electrode for 1h, 3h and
6h. The newly grown amorphous TiQ nanotubes were washed with deionizeevater and
ethanol and then detached from the titanium substrate by bending the anodized foil.
Afterwards, the amorphous TiO, was convertedto TiONy by thermal treatment in NH 3
(50 mL/min) at 700°C for 10h. 70 mg of iridium (lll) bromide hydrate precursor (Sigma -
Aldrich, St. Louis, MO) dissolved in 1 mL of water (50°C) was mixed with 100 mg of
TiON powderat 50°C. After evaporation of the solvent, the mixture was thermally treated
for 1h at 450°C in a 5% H./Ar atmosphere. The heated rate was 2°C/min while the cooling
down rate to RT was 3°C/min. The final composites contained around 11 wt% of iridium.
The samples were named as TiONnh-Ir, where nis 1, 3 or 6 depending on the aodization
time.

10h 700°C

IrBr; - xH,0

)

IrBry - xH,0

TiON,-nh-Ir
POWDER CATALYST

Figure 3.1 Procedure for TiONs-nh-Ir catalyst preparation. a) Anodic oxidation of
titanium foil . b) Detachment of TiO, nanotubes c) Annealing of detached TiQ nanotubes
in ammonia. d) Deposition of Ir onto TiON x nanotubes €) The final TiON x-nh-Ir powder
catalyst.

3113 IfTION ,/rGONRs (Chapter5.4)

Three different Ir/TION ,//lGONRs composites were synthesized with different
TiON,/rGONRs precursorsratios.

First, the graphene nanoribbons (GONRSs) were synthesized according to a modified
previously published method®. Multiwall carbon nanotubes (NanoTechLabs GGrade
MWNTS) (2 g) were added to a mixture of concentrated acid (H.SOJ/H sPO,, 9/1 volume
ratio, 135/15 mL). Then 6 aliquots of 2g of KMnO , were added to the stirred solution,
produdng a slight exothermic reaction, heating up the mixture to 35-40°C. The reaction
was stirred at RT for 10 days. The reaction slurry was then quenched by pouring it onto
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ice (400mL). Then, 30 vol% HO, was added dropwise (3 mL) to deactivate the remaining
KMnO,. The mixture was then centrifuged for 15 min (3000 rpm). The supernatant
obtained was decanted away and the leftover solid was washed with water (10 times) and
methanol (1 time) before a new session of centrifugation (3000 rpm, 15min, removal of
supenatant). The material left (3.89) was freezedried and stored at RT.

Various amounts of titanium isopropoxide precursors (86 mg, 345 mg, and 1,38 g) were
stirred in 3.9 g of isopropanol in an agate mortar. Afterwards, 500 mg of the prepared
GONRs were adad and mixed until a thick paste was formed. Milli-Q water (360 mg) was
then added dropwise until a very thick paste was formed. The obtained nanocomposite
paste was transfered to a glass vessel and spread around to make a thin film. This film
was left to dry at RT for over 4h and then freeze-dried. The three different ratios between
Ti precursor and GONRs lead to three TiO/GONRs composites. Namely molar ratios of
1/140 (Low-TiON,/rGONRs), 1/35 (Middle -TiON/rGONRs) and 1/8.75 (High-
TiIONL/rGONRS) of Ti/rG ONR were used.

The TiO/GONRs composites were reduced in NH atmosphere (50 mL/min) with the
following heat treatment: i) RT to 120 °C (7 K/min), ii) hold at 120 °C for 1 h, iii) 120 °C
to 700 °C (heating rate 5 K/min), iv.) hold at 700 °C for 10 h, and v) 700 °C to RT (5
K/min).

The Ir nanopatrticles deposition was done by dispersing TIONrGONRs (100 mg) and
IrBr 3xH-O (70 mg) in 1 mL of Milli -Q water. Ir as a nominal wt% in the catalysts of 10 %.
The mixture was annealed in an Ar/H, atmosphere using the following protocoli) RT to
120 °C (7 K/min), ii) hold at 120 °C for 1 h, iii) 120 °C to 450 °C (2 K/min), iv) hold at
450 °C for 1 h, and v) from 450 °C to RT (3 K/min). A temperature of 450°C was chosen
as Da Silva et al. showed trat Ir reaches the best catalytic performances after a thermal
treatment between 400 and 500°&. After annealing, the catalyst powders were dispersed
in 10 mL of Milli -Q water and sonicated for 5 min. Afterwards, the black suspensions were
filtered through a 220 nm pore size PTFE membrane filter. The filter cake was additionally
rinsed before being transfared to a glass bottle and dried in an oven for 4h at 110°C. This
purification step was necessary to ensure no presence of contamination salt (KBr).

3.1.14  Bif unctional catalyst (Chapter 6)

The graphene oxide template was prepared
synthesis®. Namely, 6g of graphite flakes were addedio a stirred mixture of acid
(H2SOJ/H PO, 720/80 mL). 6 equivalents per 6g of KMnQ, were slowly added to the
mixture (one equivalent per day). The mixture was stirred for 14 days and then cooled to

RT. The resulting solution was poured onto the ice with 10 mL of 30% HO,. The product

was centrifuged and washed with milliQ (2 times), 5% HCI (3 times) and methanol (5
times).

The following step of the synthesis was to embed TiON on graphene.Ti isopropoxide
(Aldrich, 97%) was mixed with the previously prepared graphene in a isgpropanol/water
(70/30) solvent (isopropanol, Honeywell, 99,8%). The nixture is then annealed at 800°C
for 6 h in NH ; atmosphere (50 mL/min, heating rate of 2°C/min and cooling down of
3°C/min).

Afterwards, Pt and Cu precursors (27 mg of Pt(NH 3)4(NOs3)., Alfa Aesar and 45 mg of
Cu(NOs3)..3H:0, SigmaAldrich, 98%, respectively)were dissolved in 1 mL of Milli-Q water.
100 mg of the prepared support (TION-graphene) was added to the solution. The mixture
was then dried in air at 50°C. This allows good alloying between Pt and Cu.Afterwards,
15 mg of Ru precursor (RuCk.HO, Apollo Scientific) dissolved in 1 mL of ethanol was
added to the dried composite. The new solution was dried again before thermal treatment
at 800°C (2°C/min from RT) under NH ;3 atmosphere (50 mL/min). Pt, Cu and Ru

f

r
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precursors during the same anneaig step allow for good proximity between PtCu alloy
and Ru nanopatrticles.

Finally, 18 mg of IrBr;.H.O (Alfa Aesar, St-Louis, MO) was added to 84 mg of the
previously obtained composite in 1 mL of water at 50°C. After drying, a thermal treatment
under NHs; atmosphere (50 mL/min) was performed. The temperature was heated up to
450 °C (2°C/min). After 1 hour, the final catalyst was cooled down to RT (3°C).

3.1.2 Electrode preparation

First, the catalyst inks were prepared by accurately weighingapproximately 1 to 3
milligrams of the powder samples with an analytical scale (Sauter)After that , a defined
volume of milliQ water (18.2 MW.cm) was added (exactly the same ml as the weight
milligrams) in order to reach a catalyst concentration of 1 mg/mL.

Afterwards, the ink was sonicated in an ultrasonic bath for a few minutes to assure
homogeneityand 20 nL. was drop-casted on0.196 cnt glassy carbon electrode embedded
in Teflon (Pine) and left to dry overnight. 5 i drop of 1:50 v/v Nafion:IPA solution was
deposited on the dry film to stabilize it. Several films were prepared every time and only
the best ones were selected for experimenis rotating disk electrode (RDE).

3.2 Electrochemistry

Electrochemistry experiments were performedo evaluate the performances(i.e. activity
and stability) of the catalysts for a specific reaction (ORR or OER). The electrochemical
evaluations were performed in a thin film rotating di sk electrode (TFRDE) set-up. The
experiments were conducted in atandard two-compartment cdl ina 0.1 M HCIO , (Merck,
Suprapur, 70%, diluted by Milli-Q water, 18.2 MY .cm) electrolyte with a three-electrodes
system controlled by a potentiostat (Figure 3.2a). The cell was boiled for at least 30 min
in between different samplesThe electrolyte was exchanged and replaced with a fresh one
in between different protocok (i.e. activation, activity and stability protocols).

The TF-RDE system is conventionally used to measure steadystate electrochemical
reactions The control rotati on rate allows the control of the diffusion layer thickness and
the electrochemical reactions can be evaluated duringthe kinetics-control regime
depending on the electrocatalyst deposited on the working electroéfé (Figure 3.2b).

Luggin
a ;
— capillary Reference b p
Gas inlet Working ] — electrode \—) insulator (Teflon)
- | i
electrode i

|~ disk electrode

f(i‘}) -

&

Counter
electrod

Figure 3.2 a) Scheme of a threeelectrode system with the reference separated from the
rest of the cell by a Luggin capillary. b) Sketch of a rotating disk electrode with the
streamline in the electrolyte. Top view and side view at the bottom'=,
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An Ag/AgCI electrod e was used as a reference. Its potential against the reversible
hydrogen electrode (RHE) wasdetermined by saturating the electrolyte with H, and
measuring the OCP with a Pt working electrode. The reference is separated from the rest
of the system by an electrolyte bridge and/or Lugging capillary to avoid Cl- contamination.
A Pt wire was used asa counter electrode during the activity measurement, but it was
replaced by a carbon rod during stability measurement to avoid any
dissolution/redeposition of the Pt from the counter on the working electrode.

Various electrochemical techniquesvere employedto analyzethe performanceof the
catalysts, namely cyclovoltammetry (CV), chronoamperometry (CA) and
chronopotentiometry (CP). Beforehand,electrochemical impedance spectroscopy (EIS) was
performed to measure the resistance of the solution which was thenaccordingly
compensated during the activity measurement. Different protocols were applied
depending on the reactios (ORR or OER) and materials (Pt-based, Irbased or
multimetallic) investigated. However, regardless of the protocglthe CV measurementis
used to activate the catalyst, measure ECSA, record activity and perform accelerated
degradation tests (ADT). On the other hand, the CA (constant potential, measure of the
current) and the CP (constant current, measure of the potential) protocols were skely used
for ADT. The protocols performed during the diverse studies presented in this work are
listed below.

Pt-M/C catalysts (Chapter 4): The electrode with the best film was mounted in the
three-electrodes seup with an Ar -saturated electrolyte and urder a potential control of
0.05 Vkue. An activation protocol of 200 cycles between 0.05 and 1.2 pe, at 300 mV/s
and a rotation rate of 600 rpm was applied (Platinum catalysts activation, PCA) . After
replacing the electrolyte, the ORR-activity measurement wasperformed, and polarization
curves were recordedbetween 0.05 and 1.0 W.e in an O.-saturated electrolyte at 20 mV/s
and 1600 RPM. The kinetic parameters were calculated at 0.9 Ve after subtraction of
the background current. The ECSA was evaluated byintegrating the charged in a CO
electrooxidation experiment® performed after the activity measurement. Therefore, the
electrolyte was purged with CO for at least 5 min under potentiostatic mode (0.05 Vkue)
to ensuresufficient CO-adsorption. Afterwards, the electrolyte was saturated with Ar and
the CO electrooxidation was performedbetween 0.05 and 1.0 W.e at 20 mV/s, without
any rotation. In the case where an ADT was performed, the activatecelectrocatalysts were
subjected to 5000 cycles between 0.4 and 1.2rM: at 1 V/s. The activity and ECSA
measurements were performed in a freshly changed electrolyte after the ADTAIl the
experiments were reproduced at least 3 times. In the case where ther characterization
was needed €.g., ex-situ TEM), the films after activity measurements or ADT were
suspended in 0.5 mL of isopropanol by placing the working electrode in an ultrasonic bath
(Iskra Sonis 4)for few seconds.

Ir-based catalysts(Chapter 5.2): Exceptionally, a gold disk electrode (diameter of 4
mm) was used as the working electrode on which the catalyst powdsmweredeposied For
all the samples 20 niL of the 1 mg/mL ink were drop-casted on the working electrode
resulting in iridiu m loading of 12.9nmg/cm? for Ir/TiON ,-NR, 13.52ng/cm? for Ir/TiON -
P25 and 58.78ng/cm? for IrO-AA and Ir-Black. An activation protocol consisting of 100
cycles between 0.05 and 1.6 Me at 300 mV/s and 600 RPM was carried on to
electrochemically oxidize iridium. The OER-activity measurement followed by cycling the
catalyst in the same potential range but at 20 mV/s and 1600 RPM. The stability test was
performed according to a widely used protocdt *®, Namely, a CP treatment of 0.1 A/mg
was applied for 5 hours.

Ir/TION «-NR catalysts (Chapter 5.3): The potential was cycled between 0.05 and 1.6
VrhHe at 1600 RPM and 20 mV/s until a stable CV was obtained. The stable CV was used
to estimate the OER-activity of t he catalyst. A preliminary stability test was conducted
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by applying a constant current of 1 mA/mg,. (CP protocol) for 1 or 2 hours'®, The activity
was measured again after replacing the electrolyte.

Ir/TION /rGONRs catalysts (Chapter 5.4): An activation protocol of 10 cycles between
0.05 to 1.6 Vrue under O, atmosphere and at20 mV/s and 1600 RPM was conducted in
order to electrochemically oxidize the iridium nanoparticles.Afterwards, the electrolyte
was saturated with Ar and the activity was measured under the same cycling conditions.
The activity was evaluated after correcting CVs for the capacitive current (half the current
at 1.1 Vrzue). Two different stability tests were performed ondifferent films, i.e. cycling
and CP. In the first case, 5000 cycles in the OER potential region (1.2 to 1.6 Wxe) were
conducted at 1 V/s. For the CP protocol, a constant current of 2 mA/cm %, was applied
for 2 hours, corresponding to 0.2910.288, 0.302 and 0.217 mAhyg, in a 20 nL drop of
Ir/rGONRs, Ir/Low -TiON,/fGONRs, Ir/Middle -TiON,/fGONRs and Ir/High -
TiON/rGONRSs, respectively. After replacing the electrolyte, the activity was tested again.

Multimetallic catalysts (TiON-RuPtCu-Ir, Chapter 6): First, the films were activated
by 200 cycles between 0.05 and 1.2 /e in an Ar -saturated electrolyte at 300 mV/s. This
step is particularly important for Pt -alloys as Cu leaches out of PtCu particles and
improves the activity for ORR compared to pure Pt (activation step) Z-12°. Then, the
ORR activity was tested by cycling between 0.05 and 1 \i4e in O -saturated electrolyte at
20 mV/s and 1600 RPM. Afterwards, the OER activity was examined by cycling between
0.05 and 1.6 ke at the same speed and RPM but in ax Ar-saturated electrolyte. Fresh
films were used to study HER. Cycles between 0.1 and 0.6 Mg, 20 mV/s and 1600 RPM
were performed in a Hy-saturated electrolyte. Three different ADTs were performed
according to the readion of interest. Namely, one ADT was performed in the ORR region,

EORR degradation®, which consi st e 0fThle0 &0OER cycl

degradati on® means that 10 000 cyegd EBwlasar e
protocolistheORR & OER degr adaleEAbbodégtadatbbho)

cycles in both reaction regiors, i.e. between 0.4 and 1.6 V.. All the ADT s were performed
under Ar and at 1 V/s. Similarly to the previous study, the films of interest for ex -situ
characterization were dispersed in 0.5 mL of isopropanol.

3.3 Electrochemistry Coupled with Other T echniques

In addition to activity and stability measurements, electrochemistry techniques can be
coupled with other characterization techniques to get insitu information about
mechanisms, notably degradation processes.

3.3.1 Online Inductively Coupled Plasma - Mass Spectrometry

An electrochemical flow cell (EFC Figure 3.3) coupled with an inductively coupled plasma
wmass spectrometry (ICRMS) (Agilent 7900x, Agilent t echnology, Palo Alto, CA) was
used to study the dissolution of catalysts under electrochemical protocols. The ICIMS
was equipped with a MicroMist glass concentric nebulizer and a Peltier cooled Scatype
double-pass quarts spray chamber. A forward radiofrequency power of 1500 W was used
with Ar gas flows: carrier 0.85 L/min; makeup 0.28 L/min; plasma 1 L/min; cooling 15
L/min. The electrochemical flow cell was custommade in PEEK based on the design of a
crossflow metallic cell (BASi, USA). The counter and the working electrodes are glassy
carbon (3mm diameter) embedded into PEEK material (ALS dual type electrode for
crossflow cell, 25x25 mm). The electrolyte is flowing in a direction to first reach the counter
electrodeand then the working electrode to assure no redepositionan ocur on the counter.
The reference electrode (Ag/AgCIl (MW-2030, BASI) potential vs RHE was determined in

conduc
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a separated threeelectrode setup prior to the EFC -ICP-MS experiments. The flow of the
electrolyte was ensured to be at a constant 400ni/min by a syringe pump (AL -1000,
World Precision Instrument, USA). A diagonal 4-way flow valve (PEEK, V -100D, Idex)
was used to switch different electrolytes (water and 0.1 M HCIQ) without stopping
experiments. The working electrodes were prepared by drojgasting 5 nL of a 1 mg/mL
sonicated suspensiarresulting in a catalyst loading of 70.74 mg/cn?. The film was let to
dry overnight and a drop of a Nafion 1:50 solution was deposited on it. Standard solutions
(1, 2, 5, 10, 20, 50, 100 ppb) were prepared from certified, single element, ICP grade
standards (Merck CertiPUR) and measured to convert the recorded signals of the catalysts
from counts to ppb. The electrochemical protocda were applied with an lvium potentiostat
and no ohmic drop compensation was used. Different protocols were applied depending on
the investigated material. At the end of every protocol, a sequence of potential pulses was
applied to synchronize the ICPMS signal and the electrochemical expgment. The
protocols used for each catalyst are presented below.

Pt-M/C catalysts ( Chapter 4): Milli -Q water was initially pumped through the cell
before switching to the 0.1 M HCIO, so as to notice any dissolution due to acid contact.
After reaching a stable background level, slow cycles (5 mV/s) from 0.05 Wue to an
increasing upperpotential limit (1.0, 1.2 and 1.4 Vrue) were performed to aspurchased
electrocatalysts. Two cycles were repeated for each upper potential limit. The same
protocol was replcated on a fresh film after an electrochemical activation protocol, i.e. 200
cycles between 0.05 and 1.2 M at 300 mV/s.

Ir/TION /rGONRs catalysts (Chapter 5.4): First, an activation/cleaning step was
performed by fast cycling the samples 10 times betwen 0.05 and 1.2 M4 at 200 mV/s.
This step was followed by two cycles between 1.2 and 1.6 VRHE at 20 mV/s and the Ir
and Ti dissolution was monitored.

Multimetallic catalysts ( TION -RuPtCu-Ir, Chapter 6): The experiment started with an
activation protocol of 200 cycles between 0.05 and 1.2 a¢e at 300 mV/s. It was followed
by slow cycles (20 mV/s) in five different potential windows; 0.4 to 1.0 Vrue; 1.2 to 1.6
Vgrue; 0.4 10 1.6 Vrye; 0.0to 1.6 Vreea n d b 0 . 1 guet Threelminites\of OCP were
implemented between each potential window in order to reach a stable background.
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Figure 3.3 Schematic illustration of an electrochemical flow cel(EFC) used for the EFC-
ICP-MS experiments®.
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3.3.2 Electrochemistry mass spectrometry

An electrochemical cell coupled with a mass spectrometer (EGIS, Spectro Inlets) was
used to analyze the evolution of volatile species at the working electrode during
electrochemical tests of Ir/TION,/rfGONRs ( Chapter 5.4).

The working electrode wasprepared by drop-casting 20 mL of a 1 mg/mL catalyst ink
on a previously polished (with 0.05 mm alumina paste) and washed glassy carbon disk
electrode. The ink was sonicated 10 min before the deposition to assure good dispersion
and homogeneity of the catdyst. No Nafion was added to the electrode. The working
electrode was used in a thirlayer cell configuration, placed parallelly at 100 mm of a porous
chip membrane that leads to the MS detector (quadrupole, Pfeiffer Vacuum, PrismaPro
QMG 250 M2). The counter and the reference electrodes were a graphite rod and a
reversible hydrogen electrode (Hydroflex, Gaskatel), respectivelyhe electrolyte (0.1 M
HCIO,) was deaerated and saturated with the carrier gas (He) prior to the experiment. A
Biologic SP-300 channel potentiostat was used to perform the electrochemical protocol. No
iR compensation was applied.

The experiment started with 5 min at OCP to determine the background MS signal.
Afterwards, a pretreatment of 10 cycles between 0.05 and 1.2 ¢e at 200 mV/s was
performed. The pretreatment protocol was followed by three different short degradation
protocols separated from each other by 5 min at 1.2 Ve to let the signal go back to the
background. The first degradation was a cycling degradation (100 cycle200 mV/s, from
1.2 to 1.5 Vgra, corresponding to 5 min of cycling). The second one was
chronopotentiometry (CP, 100 mA, 5 min) and the last one was chronoamperometry (CA,
1.5 Vree, 5 min). Low current and a limit of 1.5 V were chosen to avoid extensive Q bubble
formation which would block the thin -layer cell.

The m/z ratio s of 32 and 44 were tracked down as they correspond to Qand CO,,
respectively. Q is the product of OER, and CO: is formed if the carbon support degrades.
At least two measurements foreach sample were performed.

3.4 Materials Characterizations

3.4.1 Conductivity Measurements

Conductivity measurements were performed in the early stage of research on TiQMNs a

potential electrocatalyst support material. For conductivity measurements, two types &

samples were prepared from the synthesized TiONmaterials (without the presence of Ir).

The first sample type was pressed at a loading of 2I' to form a pellet. The typical pellet

thickness was from 1 to 2 mm and the surface area 0.5 ctnThe second typeof sample was

first treated the same way as the first one and
for 10 h at 700°C. The electrical measurements were carried out by placing the pellet

between two copper foils, which were then pressed together witexternal weight (5 kg) in

order to maintain good electrical contactwith the pellet. The conductivities were calculated

based on the voltage response and pellet geometry

3.4.2 BET Measurements

The Br unauer ) EmmeBET) purfackatea and rfitrogensorption measurements
for the samples in Chapter 5.3 were recorded using a Tristar 3000 automated gas
adsorption analyzer (Micromeritics Instrument Corp.) recording at -196 °C. Before the
adsorption analysis, the samples were ogassed under vacuum for 12 h at 120 °C.
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3.4.3 X-Ray Diffraction Analysis

The powder X-ray Diffraction (XRD) measurements were carried out with an X-ray powder

di ffractometer PANal ytical XNPert PRO MP D
Netherlands) with Cu Ka1 radiation (I = 1.5406 A). The 2q range of the diffractograms

varies depending on the study but always comprisaé between 10° and90°. A step of 0.04°

per 1s was used. The samples were prepared orzarcbackgroundSi hol der and t he
Highscore plus softwae was used to analyze the spectrum.

3.4.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM)was carried out using a Zeiss Supra TM 35 VP
microscope (Carl Zeiss, Oberkochersermany) equipped with an energy dispersive XRay
spectrometer (EDX, Oxford Instruments, Model Inca 400). The distance between the
sample and thegun was 4.5 mm. The operating voltage was set t®-7 kV. Three area
were analyzed for statistical relevance

Width measurements of nanoribbons were evaluated usinfinageJ software. At least
five pictures and 15 different nanoribbons were used to measure the width of the
nanoribbons of each sampleGhapter 5.3).

The powder samples were deposited on a conductiearbon tape which was then placed
on an aluminum SEM holder. In the case of identical location SEM (IL-SEM), 5 mL of the
catalyst ink was deposited on a carbon rod marked with & X. Pictures were taken for the
CEafsr e p ar e d wthes thentarboa sod was mounted on the rotating disk electrode
(RDE) set-up as the working electrode(Chapter 6).

3.4.5 Transmission Electron Microscopy

Scanning transmission electron microscope (STEM) imagingenergy dispersion Xray
spectrometry (EDXS) and Electron energy loss spdooscopy (EELS) were performed with
a Cs-corrected microscope (Jeol, CFARM 200) equipped with 100 mn¥ SDD Jeol EDX
spectrometerand Gatan Quantum ER DualEELS system.Operating voltages of 80 or 200
kV wereused.

For t pe eqaimagasdhe samples were prepared from the catalyst ink. he
initial 1 mg/mL suspension was sonicated for 15 min and diluted 10 times in Mill-Q water.
The new suspensiorwas then sonicated for 5 additional minutes and 5nL was deposied
on a TEM Au grid. In order to perform identical location TEM (IL-TEM) experiments,
the sameAu grid was mounted on a glassy carbon disk embedded in TeflonThe glassy
carbon disk with the grid was then used as a working electrode in a typical threeelectrode
electrochemical seup. After electrochemical measurementghe grid was rinsed with Milli -
Q water, dried and then examined again.

In the case whereno IL-TEM was performed, the electrochemical experiments were
performed with a classic threeelectrade setup. Afterwards, the working electrode was
sonicated in 1 mL of isopropanol for 10 s todetach the film. Then 5 nlL was deposited on
a TEM grid.

3.4.6 Inductively Coupled Plasma - Optic Emission Spectrometry

Inductively coupled plasma - optical emission spectrometry (IP-OES) was used to
determine the amount of metal in the samples. The samples were weighted (approximately
10 mg) before being digested in 3/1 v/iv HCI/HNO ; solution using a microwaveassisted
digestion system (CEM MDS2000). The digested samples were cooled down to room
temperature and diluted with a 2% v/v HNO 5 until their concentration reached the desirel
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range for ICP-OES measurements. The measurements veeperformed with a Varian 715
ES instrument. In-house standards prepared from traceable, certified, ICigrade, single
element standards (Merck CertiPUR) were used for calibration.

3.4.7 Raman Spectroscopy

Raman spectroscopyof Ir deposited on TiON,/Carbon support (Chapters 5.3 and 5.4 was
carried out with a WITec alpha 300 confocal Raman spectrometerA silicon wafer was
used as a substrate for the powdered samples and a green laser light (532 nm) with a power
of 4 mW was used for recording the spectra. The kbosen power enablesis to see the
characteristic band of TION« and graphene oxide carbon support while lower power
provides only the G and D bands of carbon.The spectra were measured at four different
positions using a 20x objective and at least four indvidual Raman spectra were recorded
for each sample.The spectrum approaching most of the average value of all spectra was
plotted.

3.4.8 CHNS Analysis

A CHNS/O elemental analyzer (PerkinElner 2400 Series IlI) was used to determine the
amount of carbon in Ir/TiO Nx-rGONRs (Chapter 5.4). The temperature of combustion
and of detection wasset at 975°C and 81.5°C, respectively.

3.4.9 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPSwas employed tocharacterizethe first few layers
(3-5 nm) of Ir/TION , catalysts (Chapter 5.3. A PHI -TFA XPS spectrometer (Physical
Electronics Inc) equipped with an Al-monochromatic sairce was used to record the spectra.
The analysisarea was 0.4 mm in diameter and at least two measurements were performed
on every sample. Carbon was notonsideredwhile calculating the surface compositioras

it could only originate from contamination.
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Chapter 4

Studying and Comparison of
Electrocatalysts for OR R

Parts of the following section have been previously published under thei t Resolvingthe
nanopart i cl-mopaty reldtionshipd ai thee atomic level: a study of Ptbased
electrocatalysts®™

L. Moriau, A. Hr nj i B a v IAi .R.iK&, msle kPeteklJF. Ruiz-Zepeda, M Sal a,
Pavko,V.S. Sel i.Bele,RJ o v a n o.vGatalg, anWMN. Hodnik

L. Moriau as the first author conducted all the electrochemical studs in RDE set-up as
well as all the online ICP-MS experimentsand participated in discussion and interpretation
of the results with M. Gatalo. The conceptualizationwas done by P. Jovanovic, M. Gatalo
and N. Hodnik.

4.1 Introduction

One of the remaining grand challenges in the®?EMFC field is to achieve high activity and
stability at low PGMs loadings. Currently, Pt -based electrocatalysts account for almost
half of the total PEMFC manufacturing cost'®. Therefore, decreasing the overall price of
the catalysts and reaching low PGMs loading while keeping the same performances is
primordial. The approach which is the closestto the production phase is alloying Pt with
less expensive transition metals (Cu, NiFe, Co) on a high surface area suppoff 2. Alloys
not only have the advantages of optimizing the Pt utilization by diluting the core of the
particles'®, but they also enhance the intrinsic activity. The electronic structure of the Pt
surface is infuenced by the incorporation of the less noble metal, leading to a ligand/strain
effectthat modifies the bond strength of oxygen species and improwethe ORR activity ¢
133-135

These improvements (lower cost and higher activity)in most casescome with the price
of lower stability. The transition metal (M) is thermodynamically unstable at the ORR
acidic conditions® and dissolves inside the PEMFC. An activation protocol, either
chemical (acid washing) or electrochemical ori& '3, can deplete the surfaceand subsurface
(and sometimes also from bulk)of M and thus form a Pt-rich protective layer. The
activation step can slow down the dissolution of the less noble metal but not hinder it
totally . These metalscan then cause problerain the PEMFC when diffused in the different
parts of the device?***!, Therefore, the biggest challenge is the stabty of these Pt-M
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catalysts and thelimitation of M leaching®. For this, the phenomendeading to M leaching
need to beunderstoodat a fundamental level for each different Pt-alloy.

Unfortunately, the transition metal alloyed with Pt is not the only p arameter that can
influence the activity (and stability) of the catalyst, thus making its study difficult. It has
been shown that the structure of the particles (or shape)greatly influencesthe activity
even for @&si mpFlgeed. 1dt* Thastisalle yo she different facets exposed
for catalytic activity, which have atom s with distinct generalized coordination numbes
(number of neighbors present inthe first and second sphergwith a weight for each first-
nearest neighbor correspondingd their own coordination numben?®, and thus different
activity. Moreover,in the real world where particles are not perfectly shapd, defects play
an important role in the activity of catalysts, making a comparison with theoretical study
(which used pertctly shapal nanoparticles) difficult (Figure 4.1b).
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Figure 4.1 a) ShapeORR activity relationship of Pt catalysts % b) HR-STEM images, 3D
structural models and coordination number analysi§”.

For alloys, the complexity is even higher asother parameters take place like the
chemical compositiof® *°, the degree of ordering®, the thickness of Pt-shell or the amount
of less noble metal retainetf. Therefore, understanding thestructure-property relationship
that governs bothactivity an d stability is even more difficult**. In addition, the surface is
not stagnant under operation and is dynamically changing moving the real world even
further from the idealized models used in theoretical studiegFigure 4.2).



4.1, Introduction 29

Actuality

Figure 4.2 a) Model structures of Pt-alloys nanoparticles. b) Real structures of Ptalloys
nanoparticles. c) Representation of surface atoms movement and removal.

The activation step is necessary to remove M from the surface and neaurface region
thus decreasingor better eliminating its leaching later in PEMFC and improving the
stability of nanoparticles. It also has the consequence of changing the structure of the
nanopaticle™ and this potentially creates new very active structures’® **. The final
structure depends on many different parameters (shape, native compositipptc.). Overall
each PtM alloy possesssunique properties and fair comparisons of activity and stability
become complicated without a goodunderstanding of their differences and consequently
different structure-properties relationship Moreover, there is no database of the shape
transformation of the nanoparticle after annealing and/or activation® %,

In this work, we aim to understand better the differences between Pt/C catalysts and
Pt-M/C catalysts as well as the impact of M on activity and stability. For this, we have
compared benchmark and at the same time we point out the difficulty of evaluating
seemingly comparable systes Four different Pt/C electrocatalysts (from Umicore, TKK
and JM) have been compared with each other for Pt benchmarks and four PM/C
electrocatalysts (M = Cu, Fe, Ni, Co, purchased from Fuel Cell Store) for Ptalloys. The
idea behind using benchmarks was to, first, use comparable catalysts that are widely used
in different laboratories over the world, and second, to limit as much as possible the
different  syntheds  parameters  which  could influence the  catalysts
structure/shape/morphology (for the alloys that were advertised to have the same carbon
support, metal loading, composition and particle sizedistribution). In addition, comparing
benchmarks was a good wayo introduce our methodology to evaluate and understandhe
activity and stability of electrocatalysts. Several techniques were used to systematically
characterizethe physical, chemical, and electrochemical properties of the catalysts. Some
of these techiques (like XRD, TEM, RDE, etc. allow fast and reliable comparison of
general characteristics like general structure, activity, surface area or stability but are
limited for deeper understanding whichis more precise but also more costly, in terms of
time and processes, methods are needed (e.g-TEM).



30 Chapter 4. Studying and Comparison d Electrocatalysts for ORR

4.2 Results and Discussion

4.2.1 Physical characterization

Pt/C: Firstly, the Pt/C benchmarks were investigated with TEM (Figure 4.3). The three
catalysts present inhomogeneity in the particle size and in the dispersion of the
nanoparticles on the support.This is due to the synthesis method and therelatively high
Pt loadings (over 40 wt%)'*" 1%,

Pt-M/C: Based on the product description (20% PtM, ratio 1:1, Vulcan XC-72
support, the average particle size of 2 nm)™°, the only expected difference was the type
of alloying metal M (Ni, Fe, Co, and Cu). ICP-OES digestion confirmed the 1:1 ratio and
the total loading of approximately 20 wt% while XRD spectra (Figure 4.3d) and especially
TEM analysis (Figures 4.3e-h) reveal characteristic differences betweerthe Pt-M/C
catalysts, specifically for PtCo/C.

The XRD spectra uncover different crystal phass for the different alloys. Pt-Co/C
(Ref. code 030658969 and Pt-Ni/C (Ref. code 030659445i n @&Powder d)i
show the same Fm3m crystal structure while Pt-Fe/C (Ref. code 030659121 and Pt-
Cu/C (Ref. code 000421326 exhibit ordered P4/mmm and R3-M phases, respectively.
The different crystal structures are expected as the analyzed RPM have unique phase
diagrams. The XRD spectraalso reveal the presence of pure M phasdgarticles ranging
from 20 to 500 nm) for alloys containing Fe, Co, and Ni.

After examinationof the XRD spectra, (S)TEM analysis provides additionalclues about
the samples. For example, encapsulation ofpure M phase in a graphitic shell can be
observel (Figure 4.3). This phenomenon is wellknown from the chemical vapor deposition
technology and is due to the solubility of carbon in M phase at high temperature, which
then forms a graphitic shell when cooled dowi* 1912,

D
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Figure 4.3 a-c) TEM analysis of commercially available Pt/C electrocatalysts (Hi-spec
4000 from JM-teal, TEC10ES50E from TKK -light green and TEC10E50EHT from TKK -
green; d) XRD analysis of aspurchased PtM/C electrocatalysts from FCS. e-h) STEM
analysis of all four Pt-M/C electrocatalysts in the as-purchased state. The colors (PiCu

ffracti

(0]
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= blue, Pt -Fe = orange, Pt-Ni = red and Pt -Co = magenta) correspond tothe ones used
for the graphs and borders in all of the figures.

This is not observed for Cu as the solubility of carbon in this metal is a few orders of
magnitude lower than for the other transition metal'®, explaining the absence of pure Cu
peaks in XRD. The presence of pure M particles means that the 1:1 (atomic) ratio of
nanoparticles stated by the producer and confimed by ICP-OES is not correct. The active
Pt-alloy nanoparticles are more Pt rich. Using EDX, two types of samples area were
analyzed. First, the areas with mostly small nanoparticles (23 nm) show around 60665 at%
Pt (Figure 4.4), thus higher than the 50 at% expected for a 1:1 ratio. On the other hand,
the areas with larger nanoparticles (over 10 nm) contain a higher amount of M (above 50
at% and up to 97 at%) (Figure 4.5).

2400 1000
Cu Pt Total{Atom%) 900 Fe Pt Total(Atom%)
2100+ 38.33 61.67 100.00 36.35 63.65 100.00
800+
1800~
700+
1500~ === : = 500
§2] V - 123
S 1200~ S 500
o s o
900 £ 400
3 £ 300+
s00-{ ) 3 |
= 200
Sl 2 100
|
0 Y Y T Y T 0 y y y y y
0.00 1.00 2.00 3.00 400 500 6.00 7.00 8.00 9.00 10.00 0.00 1.00 2.00 3.00 4.00 500 6.00 7.00 800 9.00 10.00
keV keV
c 1000 d 1000
Ni Pt Total(Atom%) Co Pt Total(Atom%)
900 3973 60.27 13‘;‘4’0‘0 skl 900 3418 65.82 100.00
800+
700+
600+
£ £
3 500 3
(8] (8]
400+
300+
200+
100+ z
|
0 f y y ' | 1 u t u r
0.00 1.00 2.00 3.00 4.00 500 6.00 7.00 800 9.00 10.00 0.00 1.00 2.00 3.00 4.00 500 6.00 7.00 800 9.00 10.00

keV keV

Figure 4.4 EDX-TEM energy spectra with an inlet of the HAADF image of the analyzed
area of the aspurchased PtM/C (FCS) electrocatalysts. Area with mostly small
nanoparticles. a) PtCu/C. b) PtFe/C. c) PtNi/C. d) PtCo/C.
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Figure 4.5 EDX-TEM energy spectra with an inlet of the HAADF image of the analyzed
area of the aspurchasel Pt-M/C (FCS) electrocatalysts. Area with mostly big
nanoparticles. a) PtCu/C. b) PtFe/C. c) PtNi/C. d) PtCo/C.

4.2.2 Electrocatalytic performances

The electrochemical performances dPt-basedORR catalysts are usually screenedvith a
RDE set-up. Before checkimg the activity, an activation protocol is needed (200 cycles
between 0.05 and 1.2 W, at 300 mV/s). The benchmark protocol was taken from the
DOE (Department of Energy, USA) report in 2013%. Afterwards, a slow cyclic/linear
voltammetry is applied to the catalysts and the normalized (per mass or per surface area)
activity (mA/cm 2 or mA/mg ;) is checked at 0.9 \kne. FOr mass normalization, the precise
amount of Pt (Pt loading in catalyst) needs to be measured, which can easily be done with
ICP-OES. On the other hand, the electroactive surface area (ECSA) of Pt can be measured
by two different methods (Figure 4.6); the underpotential deposition of hydrogen (Ha)
and the CO-stripping. CO-stripping is preferred over H,,s measurement in the case of Pt
alloys becausdH,pq adsorption is suppressed on the Rskin of Pt-alloys (shifted to the HER
region) while the CO-stripping is similar to pure Pt (no critical overlapping with other
reactions), favoring this technique for the determination of ECSA'®. In addition, the ECSA
determination allows the compaison of the catalysts with different particle sizes. The
stability is tested by recording the activity before and after the accelerateddegradation
test (ADT) .
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Figure 4.6. a) CV of Pt catalyst in 0.1 M HCIO*®. b) CO stripping of Pt catalysts in 0.1
M HCIO®.

Pt/C: The electrochemical performances of the four catalysts also vary significantly as seen
in Figure 4.7. It is important to point out that while the activity normalized by geometric
area (Figure 4.7a) looks very similar for all catalysts, this is another story when the mass
activity or the specific activit ies are compared(Table 1). Enhancing the importance of
normalization for proper comparison.

The two non-thermally annealed Pt/C electrocatalysts (Hi-Spec 4000 and TEC10ES50E)
present a similar specific activity (SA) of around 0.6 mA/cm?; while having different
ECSAco. Hi-Spec 4000 has m ECSA of ~ 53n?/g s While TEC10E50E presens an ECSA
of ~ 80 m?/gr:. This difference could be due to the different carbon support used.In the
case of HiSpe¢ a Vulcan XC-72 was used as a support oppositely to the Ketjerblack
EC300J used for TEC. The second carbon (Ketjen black) has a more than 3 times higher
surface area (800 vs 250 g for Vulcan). Pointing out the importance of having a high
surface area support toeffectively deposit nanoparticleswithout any surface area loss due
to agglomeration

For the two thermally annealed catalysts (TEC10E50EHT and Elyst Pt50 0550), the
SA and the ECSA are both similar, ~ 0.4 mA/cm?; and ~ 50 n¥/g s, respectively. They
are both supported on Ketjen black EC300J Although those non-thermally treated
catalysts have better SA, the thermally annealedones TEC10E50EHT and Elyst Pt50
0550 are consideredas benchmarkslindeed, the thermal treatment step is primordial for
the improved stability of the electrocatalysts that is needed for reliable operation of
PEMFC*° 1% This step provides a higher resistance against Pt dissolution and improved
stability of the carbon support.
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Figure 4.7. a) ORR activity normalized by geometric surface areaof the RDE for various
commercial Pt/C catalysts. b) CO stripping of various commercial Pt/C catalysts.

Table 1. Electrocatalytic performances of commercially available Pt/C electrocatalysts for

PEMFC.
SA 0.9| MA 0.9| Type of
Producer Pt ECSACO @ @ yp Thermally
Name Wi% (Mg e) VrHE VrHE carbon annealed
" (mA/cm?) | (mA/ mge) | support
Johnson | Hi-Spec 4000 Vulcan
40 53.5 0.64 0.34 N
Matthey | PtC XC72 ©
Ketjen
Elyst Pt50
Umicore 053; oo |50 | 5676 0.42 0.24 Black | Yes
EC300J
Tanaka | e 0E50E Ketjen
Kikinzoku PY/C 46.3 79.7 0.6 0.48 Black No
Kogyo EC300J
Tanaka Ketjen
TEC10E50E
Kikinzoku HT PUC 50.6 50 0.42 0.21 Black Yes
Kogyo EC300J

Pt-M/C: Figure 4.8 compares the electrocatalytic performances $A, ECSAco, and the
MA) of Pt-M/C catalysts after an activation protocol (PCA, 200 cycles in 0.1 M HCIO,,
0.0841.2 Vrue, 300 mV/s, Ar saturated, 600 rpm) and after the degradation test (ADT;
5000 cycles in 0.1 M HCIQ, 0.4ul.2 Vgrue, 1 V/s, Ar saturated, 600 rpm). From the four
catalysts, PtNi/C cle arly exhibits a higher SA (1.6 mA/cm %) than the three other alloys
(1.1 y1.2 mA/cm?;) (Figure 4.8a). At the same time, all the catalysts present similar
ESCA values (Figure 4.8). Therefore, the MAs follow the same trendsas SAs with Pt-
Ni/C exhibit ing higher activity than the three other ones, with 1.1 A/mge: and 0.8- 0.9

A/mg g, respectively.
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After the degradation test, Pt-Cu/C retains the most activity with a SA around 1.1
mA/cm % while the three other ones display an activity around 0.8w0.9 mA/cm? (Figure
4.83). Pt-Fe/C and Pt -Ni/C present the highest relative loss of SA after ADT while Pt -
Cu/C and Pt -Co/C have a lower, comparable loss. However, the decrease in ECSArfall
the samplesis quite similar. Consequently, MAs after ADT follow again the same trendas
SAs, with MAs ranging from 0.4 to 0.6 A/mg e:.

The activity decrease after ADT of Pt-alloys is usually attributed to the dissolution of
the less noble metal, andthus the loss of M positive effect on the activity**. However, if
electrocatalytic tests in RDE are good to evaluatethe activity and stability of the catalysts ,
they are not helpful to understand the reasonsfor the difference in said activity and
stability. Previous XRD and (S)TEM analyzehave shown that the Pt-M/C catalysts were
too different to attribute the observed activity and stability differences to one feature.

FCS
A

ECSA [m?g]

0.0l N N / 0. v
Pt-Cu/C Pt-Fe/C Pt-Ni/C Pt-Co/ Pt-Cu/C Pt-Fe/C Pt-Ni/C Pt-Col/ Pt-Cu/C Pt-Fe/C Pt-Ni/C Pt-Co/C

Figure 4.8 Electrocatalytic performances of Pt-M/C alloys from FCS after activation and
after degradation a) Specific activity. b) Electroactive surface area. c) Mass activity.

EDXS-STEM can be used after PCA and ADT in order to get a better understanding
of the changes of the catalysts (Figure 4.9. However, the previously discussed
inhomogeneity of the samples makes the analysis questionabt® subjective as only a
fraction of the catalyst, which might not be representative of the whole sample, is
examined

Figure 4.9a reveak the composition of the areas with small nanopatrticlegas seen in
Figure 4.4) and deliberately without pure M phases of the aspurchased catalysts.During
activation, the less noble metas dissolve (dealloying) and a coreshell structure and/or
porosity are formed* % 1% Under ADT, the catalysts undergo a similar phenomenonas
during PCA but to a higher extent. Therefore, it is hypothesized that a higher loss of the
less noble metal in the relative chemical composition would correlate with a higherdss of
the positive effect on activity (ligand/strain) and thus a higher decrease of SAThis
correlates nicely for PENI/C . This catalyst experienced a big loss in Ni content Figures
4.% and 4.9c) and the highest one in SA. However, the same is not truefor Pt-Fe/C and
Pt-Cu/C. In both cases, the loss of M (Cu or Fe) was insignificant after ADT while a loss
of SA was observed. Once again, this pointso the difficulty of understandng and
compaiing seemingly comparable electrocatalysts.
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Figure 4.9 Atomic percent of M and Pt in Pt -M/C alloys from FCS as obtained by EDXS

measuement. a) Atomic percent in the as-purchased catalysts. b) Atomic percent in the
activated catalysts. ¢) Atomic percent in the degraded catalysts.

The (S)TEM analysis after PCA (Figures 4.1(a-d) reveabk how the same activation
protocol inducesvarious phenomenafor different Pt -alloys. For example, Pt-Cu/C shows
a mix of smaller (~2u10 nm) and larger nanoparticles (> 10 nm) while Pt-Fe/C and Pt -
Ni/C present a more uniform particle size distribution. In the case of PtCo/C, the same
mix of sizes asfor Pt-Cu/C is observed but in addition, it also displays nanoporosity. This
is observed despite the similar chemical composition of the ggurchased catalysts.
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Figure 4.10 STEM comparison of Pt-M/C alloys from FCS. a-d) After activation. e -h)
After degradation. The color code is:Pt-Cu = blue, Pt -Fe = orange, Pt-Ni = red and Pt -
Co = magenta.

The same (S)TEM analysis after ADT provides more information (Figures 4.10=-h). In
the case of PtCu/C, in addition to the previously observed mix of particle size, necking
and agglomeration were also observed. This explains the loss of ECSA observed in RDE
(Figure 4.80). However, no Cu islost during the degradation as seen in Figure4.9c. For
Pt-Fe/C, agglomeration wasnoticed after ADT which correlates with the loss of ECSA
observed (Figure4.8). Oppositely, Pt-Ni/C does not present major structural change,
accordingly to the almost constant ECSA before and after ADT. Nonetheless, a lot of Ni
was lost during ADT, causing a loss of activity. Finally, Pt-Co/C shows similar features
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after PCA. Namely, a mix of small and large nanoparticles with coreshell or porous
structure. In addition, a carbon nanotube was observed greing out of a nanoparticle.
However, without knowing the history of the particle, it is impossible to know at which
step this phenomermn happened.
Hereby, it was shown that comparing Pt-M/C alloys with only M as a varying
parameter is impossible. Many diferences were exposed that affect the structurproperty
relationship and thus performances of the catalysts. All the different alloys look promising
and further on, cEonline® techni-N/Ceadalystedor e per f
understand better the mechanism of dissolution and attempt to differentiate them.

4.2.3 Online metal dissolution of Pt -M/C electrocatalysts

Classic analytical methods provide information aboutthe difference in the behavior of Pt
M/C electrocatalysts. However, advanced methods & needed to get deeper insight and
understanding. Therefore, we investigated thenline dissolution of the four alloys at a ppb
rangeresolutionusing an electrochemical flow cell coupled to an inductively coupled plasma
mass spectrometer (EFGICP-MS)29 167168 Both Pt and M dissolution are followed during
slow cyclovoltammetry.

Two sets of measuremerg were performed(Figure 4.11). First, the dissolution of the
Pt-alloys in the aspurchased state(without any prewashing or activation) was monitored
during slow cycles from 0.05 tol.X Vrue (Where X =0, 2, 4; at 5mV/s). During the second
set of measurements, the same protocol was applied but after an activation stefhereby,
insights into the intri nsic dissolution mechanisms ofthét-al | oys i n their @Gpr.i
could be gained and then compared withthe activated versions, with richer Pt surfaces.

The Pt dissolution (in black in Figure 4.11]) is in accordance withthe literature® 29 138
169170 Namely, the cathodic dissolution peak (C1) is higherthan the anodic peak (Al)
while cycling to 1.4 Vrue. The anodic dissolution provokes surface structure roughening
caused bythe oxide place exchange mechanisthwhich creates defect. These defets are
not passivated by oxide formation and can dissolve. The cathodic dissolution is due to
restructuration of the surface and creation of unstable low coordinated sitesvhich occur
during the reduction of Pt-oxides®. The less noble metaldissolution follows the dissolution
of Pt. Every time Pt dissolves, the previously protected M atoms are now exposed and
prone to dissolution*®, This is common to all Pt-M alloys, and it is observed in both anodic
and cathodic directions (A1 N a n d MQdspectiVely)r Therefore, stabilizing Pt would
suffice to improve the stability of Pt -M alloys*™**™. However, an unrelated M dissolution
peak canalso be observe, Ahis peak is either due to the direct dissolution of un
alloyed M (Pt-Ni, Pt-Co, and Pt-Fe) or due to a strong interaction between M and Pt
surface the transition metal under potential deposition, M4, particularly visible for Pt -
Cu).
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Interestingly, after PCA, the mechanism for each alloy is similarto beforeand thus the
previous sejration into two groups is still valid. In other words, the intrinsic mechanism
of dissolution does not change even aftethe removal of M from the near-surface region.
Moreover, while M dissolution decreasedrastically for the activated samples (as expected),
the Pt dissolution stays in the same order of magnitude.Once again, the dissolution of Pt
is followed by the dissolution of M, pointing out that the stability limiting factor is the
stability of Pt.

Therefore, each alloypossessed#is own benefits and restrictions for applications (in
PEMFC). Each transition metal brings strong and weak poins while alloyed with Pt, the
pros and cons of each PtM/C catalyst are presented below.

1.

Pt-Cu alloy presents the best resilience toward the leaching of M, and extremely
good longterm ORR activity (Figure 4.8). In addition, the intermetallic phase is

easily formed® %% ' slowing down the leaching of M%. Moreover, the

encapsulation of PEM nanoparticles with a carbon shell due to the high temperature
treatments is not a concern for Pt-Cu due to the low carbon solubility in Cu'®.

Therefore, PtCu looks like one of the best choices for application in RDE studies.
However, Cu has been shown to hava negative efect in real devices® ", Thus,

to transmit the performances of Pt-Cu from the lab to real application, the leaching

of Cu needs to be eliminated.One option is through more complicated alloys
(ternary alloys) that focus on the stability of M 12178,

Pt-Fe presents the same benefits as PCu. Namely, easy formation of intermetallic
phase$™ % and rather good keeping of M during operations.However, Fe ions are
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even worse than Cu if present in PEMFC. Indeed, Fe ions can catalyzethe
formation of radicals (Fenton reaction)® which heavily degrade the membrane in
PEMFC. Therefore, even more than for PtCu, the leaching of Fe needs to be
prevented before reachinghe application.

3. Pt-Ni does not form intermetallic phases as easily as the two previolg discussed
alloys. The carbon solubility in Ni is an order of magnitude higher than for Cu'®
(and Fe) and thus one hypothesis is that it prevents facile crystallizaton due to the
ternary nature of the Pt-Ni-C phase system where carbon acts as an impurity in
the crystal lattice. The high solubility of carbon also leads toa thick carbon shell
during the synthesis if high temperature treatments are used, limiting theusable
synthesis parameter$. Furthermore, the carbon shell has a negative effect on the
performance at high current density in PEMFC, possibly affecting the Q transport
resistancé®. It also requires an additional effort of removing the shell during
chemical activation compared to other alloys®. On the positive side, the Ni ions
have a less negative effect on PEMFC compared to Fe or even Cu ioH$ even if it
was shown that Ni ions still negatively affect the O, transport resistance and the
water uptake of the ionomer®. Pt-Ni could be a viable candidate, it has already
been demonstrate#® 4> 18 but its synthesis is more challenging than for other
alloys and, as for all alloys, the leaching of M should besignificantly decreased.

4. Pt-Co is the closest alloyto end-user products, its presence in some devices has
already been show'® ¥, Indeed, it has many advantages. First, the encapsulation
issuewith carbon shell is not as problematic as for Ni. Secondy, the formation of
intermetallic phases is possibE® . Furthermore, Co** ions in PEMFC behave
similarly to Ni ions, with relatively low impact'® *®8 However, the Co sources and
mining practices are extremely controversial, as already highlightedn the Li-ion
battery sector, whichis going to eliminate the use of Cd®. If a fair-trade origin
becomes available for Co, it could be the best option. Although, Co leaching needs
to be tackled, as for all Pt-alloys, before deployment of endiser products.

Pt-Co looks like the best option in terms of performance butthe accessto its raw
precursors neededor synthesis is controversial at best. On the other hand, PtFe is not
considered before extreme improvements due to thextremely problematic Fe ions in the
real device. Therefore, PtCu and Pt-Ni are the two options consideed, with different
problems Decreasing Cu ions leaching is more important for PEMFC stability while Pt-
Ni presents more synthesis challenges.

4.2.4 Corrosion of the carbon support

The dissolution of metal nanoparticles is not the only material of the electrocdalyst that
can be responsiblefor degradation. The carbon support can also degrade, and its
degradation leads to further agglomeration and/or detachment of Ptbased nanoparticle®.
Many properties of carbon support play a role in its stability but also i n Pt activity. For
example, the porosity sizeand type of the carbon are important sincethe nanopatrticles
located in micropores exhibit suboptimal mass transport resistancesand thus lower
activity " 1% Among others, the degree of graphitization, surbice area and functional
groups have been revealed to play a crucial role in carbon stability or Piutilization %1%,

The currently used carbon suppors (such as Vulcan XC72 and KetjenBlack EC300J),
despite being relatively stable,are already thermodynamically prone to oxide into CO, at
a potential of 0.207 Vkxe®. In addition, the kinetics of the reaction is accelerated by Pt
and by the PEMFC operation conditions (80°C)** %, Therefore, slowing down the support
corrosion is a major challenge to improve the overall stability of the catalyst.
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The corrosion behavior of carbon can be assessed by tracking the G@eleased from
the material under electrochemical protocol thanks toElectrochemistry MassSpectrometry
(EC-MS)', In the case of the Pt-M/C catalysts, similar carbon corrosion was observed
indistinguishably from the M present in the alloy (Figure 4.133). The carbon used for the
support (Vulcan XC-72) is the same and thus a sinlar degradation wasnot surprising. It
can be concluded that the type of alloy does not have an impact on the stability of the
carbon. In the case of Pt/C benchmarks (Ketjen black EC300J carbon) (Figure 4.13), the
carbon corrosion is higher(higher CO, signal) but the Pt loading, known to accelerate
carbon corrosion, is also higher.
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Figure 4.13 Carbon corrosion experiments. a) m/z=44 signal (CQ) of Pt-M/C
electrocatalysts b) m/z=44 signal (CO ,) of Pt/C electrocatalysts. The protocol consists of
an adivation protocol followed by subsequent sets of 20 cycles with increasing UPL (Qug
1.X Ve, X=2, 3,4,5; 100 mV/s).

4.2.5 High Resolution Identical Location TEM

Although the presented methods (RDE, XRD, ICP-OES, EFC-ICP-MS and EC-MS)
provide useful information about the average structure properties and electrocatalytic
performances, other techniques are more interesting f@an in-depth understanding oflocal
structural change. For example,high-resolution identical-location TEM (IL -TEM) allows

to see the history of the exact same nanoparticles before and after electrochemical
treatment™® 19 198 and thus to reliably understand the processes happening.

The IL-TEM was performed before and after PCA on PtCo/C as a showcase of the
technique.Figure 4.14showsthe differences for the same nanoparticlesf Pt-Co/C samples
and three nanoparticles were studiedat atomic resolution. Atomic resolution is needed as
el ow magni FTEM gittures rdm not reveal significant changes exept for
coarsening of largest nanopatrticles as seen in Figurel4 In the atomic resolution images,
nanoparticle number 1 not only shrinks under PCA but also undergoes a change of
morphology, with different facets exposed. Nanoparticles\umber 2 and 3 have shrunk
more, probably due to dealloying of Co during PCA. Therefore, it seems that snaller
nanoparticles are more exposed to degradation processes/dealloying than bigger ones. This
exemplifies the benefits of directly loolng at the same particles before and after
electrochemical treatment to understand the ongoing processes and not the average results.
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Figure 4.14 IL-STEM comparison of PtCo/C from FCS electrocatalyst before and after
PCA. a, c and €) Before activation. b, d and f) After activation.

To go further, an in-depth analysis canbe performed ona single nanoparticle. This
allows us to directly see which facets disappear or shrink or new atomic columns grow due
to redeposition. Moreover, some calculations can bperformed to measurehe displacement
of atomic columns and observea change in strain in the nanopatrticle or to figure out the
coordination number of surface atom¥?° 2%

This knowledge is useful for understandng structure-relation properties and in the
future to optimize and design the next generation of catalysts with improved properties,
but it goes out of the scope of this chapter and work in generaland the interested reader
is invited to read the reference[69].

4.3 Conclusions

In the present study, differences in seemingly comparable Pt/C and PtM/C commercialy
available benchmark catalysts were exposedn doing so, the complexity of the structure
of real ORR catalystswas uncoveed together with the fact that the conventionalanalytical
methods for electrocatalysts (RDE, XRD, TEM) are limited to average materials
characteristics Therefore the observed differences, notably in alloys, cannot be explained
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by the averageout material properties (e.g. metal loading, Pt/M composition, carbon
support, particle size distribution, electrochemical surface area, etc.). Online methodsuch
as EFCICP-MS or EC-MS provide a better understanding of ongoing mechanisms,
especially stability-wise. This is sufficient to analyze pros and cons of Pt-M/C for
application in PEMFC or URFC, but we wish to emphasize that it is not enough to
understand at a deeper level the processes happening. For thisn atomic level study should
be conducted usinga method suchas IL-TEM.

NonethelessPt-Co/C was shown to be the most promising alloy, but the controversial
sources of its precursors lead us to rule it out. Among the three other alloys, Pte was
excluded due to the Fenton reaction catalyzd by Fe ions in PEMFC. Pt-Ni and Pt-Cu
were both good candidates as ORR catalysts in the further bifunctional catalyst They
both present good activities, with PtNi > PtCu, and stabilities, particularly for PtCu. The
main decisive featureof the selection between the two alloys were the challenges in the
PtNi synthesis, dismissing it. Therefore, among all the Ptalloys, Pt-Cu/C was selected as
a good ORR candidate to bea part of the bifunctional catalyst.
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Chapter 5

TION 4 as Supporting M aterial for Ir
During OER

Titanium oxynitride ( TiONy) is investigated as a potential support for iridium

nanoparticles asoxygen evolution reacticn (OER) electrocatalyst. Good electrocatalyst
support should have sufficient conductivity, effective dispersion of the nanoparticles,
highest surface area possible and be stable undelemanding reaction conditions. These
different parameterswere studied and optimized in this chapter.

5.1 Introduction

Decreasing the amount of PGMs used irproton exchange membraneavater electrolyzers is
a necessity for widespreadisageof this technology - a requirement to tackle down the use
of fossil fuel and thus global warming. For this, the oxygen evolution reaction (OER)
catalysts at the anode involving iridium, need to be desiged in a more rational way,
namely, lowering the PGM loading to a minimum while keeping the same electrocatalytic
performances.

One possible improvement is by finely dispersing Ir nanoparticles on asuitable
support®, similarly to Ptin a fuel cell. However, carbon used for oxygen reduction reaction
(ORR) catalysts is not an option as it is not stable under OER conditions®. Several other
materials have been proposed as potential support for OER catalystsThe most studied
ones aretitanium and its oxides'® 119 20128 55 well asmetal nitrides® % 2% carbidegs™ % 2®,
perovskiteé® 2% and, some other conductive oxide¥ *° as antimony-, fluorine- or indium-
doped tin oxide, (ATO, FTO and ITO) 9 1% 207209 Unfortunately, this kind of material
usually lacks sufficient conductivity ° and therefore doping is needed to help to tune the
properties of such materials.However, da Silva et al. showed that the doping element can
leach out and thus decrease the stability of the support, questioning the use of such
dopant'”. In addition to lowering the overall cost of the OER catalysts, support can also
improve the performance of the catalyst due to the known strong metaksupport interaction
(SMSI)53. 55.210

The idea behind TiONy as a supportis to use a cheap precursor (TiQ or TiN ) that can
either berelatively easily nitrated or oxidized to the desired TiON, compound*. The latter
could combine thestability of TiO , and the good conductivity of TiN, making it suitable
support under OER conditions. In addition, TiO ; or TiN can be synthesized in various
nanostructures which makes it possible to tune the morphology of the support'#24
Afterwards, Ir nanopatrticles can be nicely dispersed on the prepared support.
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Later, a graphitized carbon template was used to furtherimprove the surface area of
the support. Carbon possesses surface asethat are one order of magnitude larger than
Ti-based material® 24 25 216 gnd thus depositing the Ti phase on a high surface area carbon
allows a higher surface area than pure Tbased support. The carbon template stability
should beassessedo make sure notto introduce a weak point in the catalyst but if it is
nicely covered by the TiON, flakes, the arbon would in principle not be in contact with
the acidic environment and thus be protected.
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As a co-author, L. Moriau participated in the electrochemical experiments, discussion
comparison with the literature, and writing of the draft. N. Hodnik and M. Gabers ék are
corresponding authors and principal supervisors.

First, the basic characteristics of TiON« support were investigated. Indeed, before
optimizing and studying all the parameters that could influence activity/stability, a
feasibility study was conducted to first provide answers to crucial and fundamental
questions: i) Is electrical conductivity of the support (TiON ,) sufficient for the
electrocatalytic application? (ii) Can the support host active nanopatrticles (Ir) in a finely
dispersed form? (iii) Howdoes the performance ofhe new catalytic composite (Ir/TiION )
compareto the state-of-the-art composites?

5.2.1 Structural characterization

SEM, STEM, and XRD were performed on the prepared Ir/TiON, samples (seeChapter
3.1.1.)), and the results are shown in Figure5.1 The observed diffraction peaks of Ir/TIONy
samples are characteristics of cubic iridium & = 41.0°and 47.6° (International Centre for
Diffraction Data, Ref: 00-001-1212), and of the cubic titanium oxynitride: 23 = 37.2°and
43.2° (TiO«Ny with x+y a1)?*2 (Figure 5.1d). Broad iridium diffraction peaks are due to
the small particle size of the nanoparticle as seen in the STEM micrograph@Figures 5.1b
and 5.19. The TiON x-Nanoribbon (NR) shown in SEM and STEM is in the form of partly

crystallized, up to 1 micrometersized irregularribbons.
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Figure 5.1: a) SEM image showing typical morphology of prepared TiON-NR sample with
the insert of Ir/TION «-NR. HAADF -STEM micrographs of individual Ir nanoparticles on
TiON,-NR support are shown in b) bright field and c) dark field. d) XRD spectra for
Ir/TION «-NR, Ir/TiON -P25, homemade Ir black and IrQ-AA. Peaks (X) correspond to
iridium, peaks (*) to titanium oxynitride and peak ( ) to IrO , (rutile structure). d) EELS

spectrum of Ir/TION «-NR where Ir N4,5, Ti L2,3 and O K edges are visible.

The support is uniformly covered with spherical, weltcrystallized iridium nanoparticles
with a mean particle size of3.3 nm (Figure 5.2a). The mean particle size for Ir/TiON ,-P25
is slightly lower with a size of 2.6 nm (Figure 5.2b). In both cases, the particles are smaller
than unsupported benchmarks Ir catalysts. The IrQ (Alfa Aesar) has an average particle
size of 8.8 nm while Ir-black (Alfa Aesar) has the biggest particle size with 9.8 nm(Figures
5.2c and 5.2d). In addition, the latter presents significant agglomeration due to sintering
which further reduces the accessible Ir surface. The Ir nanoparticles supported on TiON
do not present any agglomeation which indicated that the nanoparticles are firmly
anchored onto the substrate. Therefore the interaction with the support prevents surface
migration during annealing. The BET specific area of both TiON, composites, NR and
P25, is similar with a value of 48 n¥/g and 52 m?g, respectively. Therefore, the formation
of well-dispersed, small nanoparticles on both supports is attributed to the novel synthesis
procedure, namely the use of iridium (lll) bromide precursor. The latter is highly soluble
in ethanol at 50°C and thus it precipitates rapidly during drying. This helps slow down the
mobility and growth of Ir nanoparticles.
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Figure 5.2 TEM pictures and iridium nanoparticles average size distribution of a)
Ir/TION «-NR. b) Ir/TiON ,-P25. ¢) Ir -black. D) IrO ».

To be conductive, the support need to possess sufficient nitride parts. EELS spectrum,
displayed in Figure 5.1e, shows Ti L2,3 lines, Ir N4,5 as well as N K and O K lines. Based
on the intensities of the lines, one can conclude thiethe content of nitrogen is higher than
that of oxygen while the absence of #; and g splitting of Ti L3 and Ti L2 lines due to
crystal field in octahedrally coordinated titanium ion indicate that most of the titanium is
in the Ti ** valence state Nonetheless, the electrical conductivitywas measured by pressing
the samples inthe form of pellets. Ohmic-like behavior was measured in a wide span of
applied currents (current scan) from 1mA/cm?2 up to 1 A/cm? Conductivity of as-
synthesized, purgwithout Ir) TION  substrates (TIONx-NR, TiON -P25) is shown in Table
2, as well as some different carbon substrates or potential oxidbased support. The
conductivity of TiON « substrates is similar to the carbons when the samples are prepared
in the sameway (i.e. based on pressed and hedteated powder). The preparation of the
sample influences the measured conductivitglue to the quality of inter -particle contact
and is usually lower than the intrinsic conductivity of bulk material in preferential
crystallographic direction (e.g. data for graphite). The conductivity of TION y, without the
presence of Ir nanoparticles, fills the requirement for electrocatalysts support. In fact, it is
notably higher than the conductivity of the most study potential support, antimony-doped

SN0, (ATO) &,

Table 2. Comparison of room temperature specific conductivities of present TiON
substrate with conductivities of selected carbon materials.

Materials Conductivity, s (Whcm?)
Graphite, a axis® 2.6.10
Graphite, ¢ axis*® 1.1¢
Polycrystalline graphite*® 1.3.10
Glassy carbor® (1-3).1¢

20 (2-10).1¢
52 (0.47-0.69)
Acetylene black? 24

Pure TiO,, pressed pellet (2T)*# 2.10%
TiON,, pressed pellet (27T) 3.3

TiONy, pressed pellet (2T) andsintered 7.8
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Sb-doped SnQ (ATO), pressed pellet? 0.11
a. Special form of glassy carbon with open porosityb. After treatment at 1000°C in N ..

5.2.2 Electrochemical Performances

Figure 5.3 displays the electrochemical performancesf the catalysts before (beginning of
life, BoL) and after (end of life, EoL) degradation. The mass activity of both Ir/ TiON
sampleslargely surpasses the activity of IrQ.. Ir/ TION-P25 shows the best activity while

Ir/ TION«-NR presents an activity close to the second benchmark]r-black. The better
activity of Ir / TION, catalysts is in line with better utilization of iridium, i.e. more
electrochemical surface area exposed, due to the smaller average particle size (2.6 for
Ir/ TION x-P25 and 3.3 nm It/ TIONx-NR). Commercial rutile IrO, powder exhibits a lower
activity, according to literature #* 2%, Importantly, the activity of blank TION  substrates
was negligible (Figure5.3).

After initial OER activity measurements, the stability of the materials was tested. A
CP protocol was applied to all samples, namely a current 0.1 A/mg for 5h, and then
the activity was measured again (EoL).Apart from IrO » which is known to be stable the
most stable catalyst is Ir/TiON ,-NR while Ir/TION ,-P25 shows the lowest activity
retention. The great difference in stability between the two Ir/TION . composites is ascribed
to, on one hand, the loss of electrical conductivity due to surface oxidation at the contacts
between individual TiONy particles in the case of Ir/TiION «-P25. On the other hand, due
to the unique elongatedmorphology of Ir/TION -NR sample, it exhibits statistically fewer
contacts and thus lesgpassivation of the surfacerelated problems Figure 5.4). Nonetheless,
the support can sustain the OER conditions even if its morphologyplays a role in the
stability. This parameter (morphology of the support) will be studied later as here the
fulfilling of electrocatalyst support requirements by TiON; is investigated.
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1.0} 1.0 1
os IFITIONX-P25 s Ir/TION,-P25 3
| il %™ Ir Black
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Figure 5.3 OER activity polarisation curves (anodic branch) of the studied catalysts at 20
mV/s, 1600 RPM in 0.1 M HCIO,. a) Before a 5h chronopotentiometric degradation
protocol (0.1 A/ mg,) (Beginning of life, BOL). b) After (End of life, EOL). c) Comparison
of current response under OER conditions of TiON support and the Ir/TION x-NR
analogue.
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Figure 5.4: Scheme of the contact difference between nanoribbongliON x and nanoparticle
WTIiON

Ir nanoparticles have been nicely dispersed on TiON The support has also shown to
be reasonablystable, depending on the morphologyln addition, in some cases the support
affects the catalyst activity through the so-called strong metal support interaction, SMSI
%3.%5.210 The potential presence of this effect between Ir and TION was investigated by fast
potentiodynamic CVs. For this purpose, Ir/TiON x was compared to another homemade
catalyst with a different support material, i.e. Ir/C. The particle size distribution on Ir/C
was similarto Ir/TiION . By alterations of the characteristic iridium volta mmetric features
during fast cycling, several differencesn electrochemical behavior of Ir/TION,-NR and
Ir/C can be observed (Figure 5.5), these disparities are related to the interaction between
Ir and the different supports®.

The Hyy feature, which can be seen belowd.4 Vgwe for metallic Ir, remains visible
throughout the entire protocol for Ir/TION ,-NR while it gradually disappears for Ir/C. It
means that the availability of Ir metals to protons is decreasing more rapidly for Ir/C than
for Ir/TION x-NR. One can assume that tlere is either no oxide in the Ir/TiON ,-NR or that
the oxide layer structure is significantly different in the two samples. For example, a fast
decrease of the ks peak could point to a thinner layer of hydrous oxide in the case of Ir/C
in comparison to the Ir/TiON ,-NR analogué®. According to extensive work on iridium
oxi des, only t he gesmduaed in thee¢athadie sweep whilé hgdzous
oxide does not.Therefore,the hydrous oxide layer remains and grows with cycling number.
Hydrous oxide is a very porous solid or gelike structure and thus lets protons pass
through. As H,pq feature is still observed for Ir/TION -NR, it is assumed that hydrous layer
grows on the | r nanop ampgermeabletsprotohsigiowsomdi/iGiner @ o
This is further supported by the reversible CV peak at around 1.15 \kwe that corresponds
to the formation of Ir (IV) and is visible throughout 200 voltammetric cycles in the Ir/C
sample.

The results in Figure 5.5 indicate that an interacti on between TiON, support and Ir
nanoparticles exists, and it i's i nhnghthet i ng t
formation of hydrous porousoxideThi s i nhi bition of @&inner® oXi
in-situ techniques for other suppors like ATO?" or TiN%. It affects the activity and
stability according to the literature. Indeed, amorphous hydrous oxides are the most active
OER catalysts in the family of Ir -based material§®?%. They have overall lower oxidation
states compared to IrQ*®. The presence ofelectrophilic oxygen in the Ir (lIl/IV)
oxyhydroxides are optimal precursor sites for the nucleophilic attack of (preadsorbed)
water during the O-O bond formation®® 2,



52 Chapter 5. TiONx as Supporting Material for Ir During OER

0.6 06

04]d 1stcycle 0.4 b _10th cycle

0.2 55 e N
< 0.04 0.0
£-02; £ 02
~.044 = 1§ 7=

Ir/iC -0.4
-0.61 - — -ITIONX-NR -06
0.8 08
0

1
00 02 04 06 08 10 12 10

0 02 04 06 08 10 1.
ol R 00 02 04 06 08 1.0 1.2

o - E vs RHE /V
04]C _ 50th cycle 0ald
02 Cnam e e 0.2
< 00 < 0.0
E .02 E.02
= 104 S ~ .04
Y T 0.6
r
-081 0.8
T — TS| QN E— —
00 02 04 06 08 10 12 00 02 04 06 08 10 12
06 EvsRHE/V EvsRHE/V
' 0.4
0.41 e 200th cycle
02] 0.21
0.0
< 0.04
E 02 E
~.04{ -0.2
08] ¢ -0.41
'?‘:' 06
7700 02 04 06 08 10 12 00 02 04 06 08 10 12
EvsRHE/V Evs RHE/V

Figure 5.5 Inspection of the SMSI effect during potentiodynamic treatment (300 m/Vs,
between 0.051.2 Vrue. a-f) sequential cycles are selected for better clarity.

5.2.3 Conclusion

Titanium oxide enriched with nitrogen (TiON ) can be prepared in a formthat is suitable

as a support for OER electrocatalysts. First, the average macroscopic conductivity of
TiON (without Ir) can reach sufficient values (between 3 and 8 S/cm)that are comparable
to carbon support with similar morphology and higher than the ATO material proposed

as a potential OER support. Secondly,small Ir nanoparticles can be deposited on TiON

and finely dispersed.Finally, the iridium activity and stability, when dispersed on TiON ,,

are equal or evenbetter than benchmark catalysts.

The improved performances can be explained by various effecsich as the very good
utilization of Ir (uniform dispersion of nanoparticles), retention of electric conductivity (for
Ir/TION -NR), and possibly of SMSI effect. However, several parameters canstill be
investigated to improve the electrochemical performances of Ir/TION. Some hints give
indications that the morphology of the support can influencethe activity and stability. It
could also influence the patrticle size or the oxidativestate of Ir.
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5.3 Morphological Effectofthe Supportonthe Performances
of Iridium Nanoparticles Towards OER
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As the first author, L. Moriau conducted the electrochemistry measurementsand
analyzed the resultsHe also assembled the variousther results and wrote the initial draft
in collaboration with L. Suhadolnik.

TiONy fills the requirement of electrocatalysts support, hamely sufficient conductivity,
stability under operations conditions, effective surface area, andfine dispersion of the
nanoparticles anchored on it.In addition, the TiON support has animpact on the activity
of Ir through the SMSI effect. However, the morphology of the supportcan alsoplay a role
in those parameters and neeslto be investigated. Hereby, we developed a new, anodic
oxidation-based synthesis process for the cosfffective fabrication of high-performance
OER catalysts, Ir-TiON,. The anodization time during the TiO, growth step of the
synthesis influences the morphology, structure, and composition of the supportThe
differences were studied using various statef-the-art characterization methods such as X
ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), scanning
transmission electron microscopy (STEM),and X-ray diffraction (XRD) . We show that
the electrochemical activity and stability can be substantially enhanced, comared to the
commercial benchmark IrQ material and other best OER catalysts in the literature,
exclusively by modifying the TIONy support morphology:.

5.3.1 Characterization of TION  -nh-Ir electrocatalysts

The morphology of the catalyst layer has an important influence on the performances of
gasevolving electrocatalyss®®2?¥. Notably because of electrical contact and bubble
management problem& 2®  In the case of suppored electrocatalysts the overall
morphology of the catalyst layer is due to the morphology of the support. Therefore,
supports with various morphology were synthesized by changing the anodization time and
proceedingof a milling step, which influences the support morphologydifferently. In order
to assure that the morphology was the only changed featureextensive techniques (SEM,
STEM, BET, XRD, XPS, and ICP -OES) were performed to characterize the synthesized
catalysts.

The amorphous TiO, nanotubes were synthesizetdy anodization of titanium foils for
one, three ad six hours. The immobilized nanotubes weredetached,and their morphology
was not affected by the removal process as shown by the SEM picture in Figur&.6b.
Similarly, the nitridation process (seeChapter 3.1.1.2 for more details) does not affect the
overall morphology of the clusters of nanotubes (size and shape) as seen in Figubetc.
However, the appearance of the nanotubes is modified, becoming rougher. This is due to
the formation of some small TiION, nanofragmentswith cracks and pores Consequatly,
the surface area increases after the nitridation from 14.231 + 0.075 Ay for amorphous
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TiO, to 36.279 £ 0.172 n¥/g for TiION 4 in the case of the samples anodized for six hours
(TiON «x-6h) as determined by BET measurement.

Figure 5.6. SEM pictures. a) Amorphous TiO, nanotube powder at low magnification b)
T he crosssection of amorphous TiQ after detachment.c) TiO ; after annealing in ammonia
and transformation in TION 4. All micrographs showthe 3 h samples.

Moreover, the longer anodization results in a longer nanotube length with thinner
walls, and thus lower mechanical stability. The average length of the nanotubes after
anodization is 3.5mm, 13 nm and 27 nm for one, three and six hours, respectively.The
anodization time also affects the thickness of the wall. For all anodization time, the wall
thickness depends on the part of the nanotubewhich is measured as seen in Figure5.7.
For example, the sample anodized for six hours exhibita wall thickness of approximately
5 nm at the top and approximately 55 nm at the bottom part (Figure s5.7a and 5.7b). The
reason for the formation of a more than ten times thinner wall at the top part of the
nanotubes is that this part forms first and is etched during the entire anodizaion time °.
The thickness of the wall influences the size of the nanofragments that can form during
the nitridation process and/or milling. For example, the top part of the nanotubes anodized
for 6 hours (£ 5nm) results in nanofragments with a diameter of around 30 nm while the
bottom part (£ 55 nm) gives nanofragments with a diameter of approximately 100 nm
(Figures 5.7c and 5.7d). In addition, the etching time also affected the morphology of the
wall. The thinner walls at the top were smoothed out, while at the bottom, the walls are
noticeably thicker (rippled).

The length of the nanotubes in the cluster is maintained. However, some portions of
nanotubes that have grown with longer anodization are more brittle due to the thinning of
the nanotube wall and thus more likely to break down into smaller nanotubes and clusters
or even nanopatrticles.
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Figure 5.7: SEM micrographs of the TiO, nanotubes anodized for 6ha) At the top. b) At
the bottom. The top parts were transformed into small TiON« nanofragments (c), while
the thick nanotube walls at the bottom part resulted in large TiON x nanoparticles (d).

Afterwards, iridium nanoparticles were deposited on TION-nh supportswith a different
morphology as seen in Figure5.8. The nanotube arrays are more cushed than the as
prepared supportdue to the wet impregnation step of the deposition of iridium which
included slight milling to obtain a homogeneous distribution. Figures 5.8a, 5.80 and 5.8
show the asprepared sampleswhile Figures 5.8d, 5.8 and 5.8 show the same samples
after more rigorous milling. These final catalysts are schematically shown in Figuré&.8g.
It is observed that the milling procedure has a larger influence when the anodization time
was longer,namely for three and six hours. This is due to the higher mechanical stability
of the nanotube arrays preparedwith a shorter time, especially for one houy which exhibit
shorter lengths and thicker walls of nanotubes. On the other hand, longer anodization time
inducesa thinner wall, and this results in greater brittleness when milling. The sample
anodized for one hour consists of relatively large nanotube arrays (Figur&.8a) which
become smaller after milling (Figure5.8d). After three hours of anodization, some clusters
with a nanotubular morphology can be observed (Figure5.80), even after reducing the
cluster size with milling (Figure 5.8). On the other hand, almost no nanotubular
morphology features can be recognized for the samples anodized for six hours, even before
the rigorous milling (Figure 5.8c). And no nanotubular morphology is left after the milling
for this sample (Figure 5.8). Again, this is due to the lower mechanical staliity of
nanotubes formed during a longer anodization time due to etching. Nonetheless, the cluster
size for the six hours samples is the largest before and after the rigorous millingThe
average cluster size of the final electrocatalytsfor TION ,-6h-Ir is more than two times
bigger than for TION «-3h-Ir with 121 £ 7 um and 50 + 3 um, respectively. The difference
betweenthe electrocatalysts prepared with anodic oxidation and other synthesis procedures
is the defined orientation resemblirg the nanotubes. However, the anodization time should
not be too long, or the top surface lose the nanotube morphology. In this case, the
nanotubes start turning into nanoparticles which end in an electrocatalyst with a similar
morphology as if prepared fom commercial nanopowders.
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Figure 5.8 SEM micrographs of the synthesized catalystsa) TIONx-1h-Ir. b) TiON ,-3h-Ir.
¢) TiION -6h-Ir. d) Milled TiON «-1h-Ir. €) Milled TiON,-3h-Ir. f) Milled TiON,-6h-Ir. Inset
figures (b) and (e€) show the nanotubular morphology of the TiON.-3h-Ir sample. g) A
schematic presentation of all three milled catalystswith iridium. The yellow circles
highlight the nanoparticular morphology.

The deposition of small iridium nanoparticles was observed with STEM (Figue 5.9).
The nanoparticles are alsonicely dispersed on the support.The iridium nanoparticles'
average size was monodispersed and between 3.1 and 3.4 nm for all the samlEigures
5.9, 5.9, 5.9 and Table 3).
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Figure 5.9 STEM pictures. Low resolution (a), high resolution (b), and particle size
distribution (c) of TiON-1h-Ir. Low resolution (d), high resolution (e), and particle size
distribution (f) of TION ,-3h-Ir. Low resolution (g), high resolution (h), and particle size
distribution (i) of TiON «-6h-Ir.

The EELS and XPS results indicate that the compositions of all the samples are very
similar (Table 3). The XPS results show thatthe surface concentration of all elements (Ti,
O, N, and Ir) is independent of the anodization time (Figure 5.10a). However, a difference
in the O/N ratio measured by XPS (between 3.3 and 4.1)and by EELS (between 1.5 and
2) is observed.This is explained by the oxidation of the TiON 4 surface (upper 35 nm) that
likely occurred during milling. The XPS spectra (Figure 5.1() reveal a characteristic peak
of TiO, (Ti* at 458.6 eV), Ti-ON (457.2 eV) and TiN (455.7 eV)*. Around 65% of the
Tiis in TiO , state, 20% is in Ti-ON and 15% is in TiN state. The XPS spectra of Ir 4f are
similar for all the samples (Figure 5.10c). They consist of the characteristic peaks for IrO
(60.9 eV and 63.9 eV}*? with a possible minor portion of Ir4+ or Ir3+. The metallic state
of iridium is expected from the synthesis procedure as no oxidation step was introduced;
however, it changes with electrochemical oxidation
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Figure 5.1Q a) Surface composition in at. % determined with XPS on TiON.-nh-Ir samples
b) Normalized XPS spectra of Ti 2p of TIONx-nh-Ir samples. c)Normalized spectra oflr
4f of TION x-nh-Ir samples.

Table 3: Average particle size as determined by the STEM image analyses and the amount
of nitrogen and oxygen in the TiONy support for the TiON «-nh-Ir samples, as determined
with EELS and XPS.

TiONx-1h-Ir TiON x-3h-Ir TiONx-6h-Ir
Avergge particle 31+10 3311 34+1.1
size (nm)
TiON , support composition determined with EELS (at%)
N 20+ 3 19+5 22+3
O 34+4 34+4 32+3
OIN 1.71 +0.46 1.98 +0.77 1.5+ 0.36
TiON , support composition determined with EELS (at%)
N 13+£1.3 15616 13.2+1.3
O 53.4+5 51.6+5 54.3+5
O/N 4.11+041 3.31+0.33 4.11+041

Independently, the presence of TiQwas also confirmed by Raman Spectroscopy (Figure
5.11). The bands at 144 (E), 197 (Eg), 399 (Big), 515 (A1 Big), and 625 (Ej)cm™ are
characteristicfor TiO, in anatase formand are present for all the sample&®. However, the
intensities vary among the catalysts, but also at different sites of the same samplesThe
Raman spectra shown in Figure5.11 are the most representative ones out of at least four,
with the arrows marking the measured range of the 144 cm band intensities. A larger
ordering of the anatase phase was observed for TIOMNBh-Ir as indicated by the highest
intensities (and the smallest spread between different sitesfon the other hand, TIiON-1h-

Ir exhibits lower intensities, suggesting that TiO- is closer to the amorphous state in this
sample. The spectra of TION-6h-Ir reveal the largest spread of the spectral intensities,
indicating that the long -range ordering in anatase could be in any state between thene

hour and three-hour samples.

The basis of the anatag bands increases with an increase in the band intensityvhich
has been ascribed to the nanometric siZ&. A debate has been going on about the possible
presence of TiN and TiON, bands in the same region as TiQ. TiN is characterized by a
broad double bard at 190-350 cm* and an additional one between 550 and 565 criv?® 2%,
The relative ratios among those bands change with the deficiencies in the nitrogen TilR".
Moreover, Prokes et al. studied nitride TiO, and suggested the presence of TiQN, due to
the appearance of the shoulder ban near 550chi®. Therefore, the described TiN, TiN,
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TiON bands could be superimposed in the considered spectral rangesimilar assumption
as Prokes can be made for our TONy-nh-Ir samples since a band at 552 cm can be
observed. The Raman spectroscopy confirms the XPS results with the higher amount of
Ti-(O,N) and TiN in the TiON ,-3h-Ir catalyst. Nonetheless, the exact determination of
TiONy and TiN bands is not feasibleyet and will be addressed in future work.

Another interesting feature visible in the Raman spectra is the shoulder band at around
715 cmt. This band could confirm the presence of If* state as observed by XPS.Indeed,
literature reports the appearance oflrO, bands at 561 and ~720 cml in chemicalvapor-
deposited and sputtered samplé$. The deviation compared to IrO; single crystal (561
(Eg), 728 (B2g) and 752 (A1g)) was ascribed to the nanometric size effects and residual stress
effects. Therefore, the band at 715 cmt could reflect the presence of It*. The other bands
could be blurred by the anatase bands between 515 and 552 ¢m
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Figure 5.1 Raman representative spectra of TiON,-nh-Ir powders. Two representative
spectra are presentd for the TiON ,-6h-Ir sample due to the largest spread of the intensity
values. The arrows denote the intensity ranges of the 144 crhanatase bands detected for
each type of sample.

ICP-OES was performed to measure the total amount of Ir in the catalysts This
information is primordial to determine the exact mass activity of each sample and thus to
have a fair comparison. The amount of Ir in all the samples wasapproximately 11 wt%.
Thereforewe can claim that the morphological differences of the supportslid not influence
the amount (and particle size) of deposited iridium nanoparticles.

The chemical structure of all the samples was determined with XRD The spectra of
the various stages of the TiON-3h-Ir preparation are shown in Figure 5.12 The TiO,
nanotubes grown in the first step are amorphous and show no diffraction peaks. The
diffraction domains of TiO, anatase visible by Raman spectroscopy are too small to
sufficiently scatter X-rays. The amnealing step at 700°C transforms the amorphous
nanotubes into TiION, (Figure 5.12, in blue). The diffraction peaks of TION are related
to () cubic titanium oxide nitride at the 37.1 ° (111), 43.T (200), 62.5 (220), 75.0 (311)
and 94.4 (400) angles (PDF 01-084-4872f%. Afterwards, Ir nanoparticles were deposited
on the support and the XRD is shown in red in Figure 5.12a. The additional diffraction
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peaks are observed at the 40.7° (111), 47.3° (200), 69.1° (220), 83.4° (311) and 88.1° (222)
angles, correponding to cubic Ir (3) (PDF 04-007-8342f*°. The XRD spectra of TiON -
1h-Ir and TiON ,-6h-Ir reveal the same chemical structureas TiON x-3h-Ir (Figure 5.120).
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Figure 5.12 XRD spectra. a) Comparison of the XRD spectra after each synthesis step. b)
Comparisonof TiION-nh-Ir electrocatalysts XRD spectra. The diffraction peaks denoted

with (1 ) are related to cubic titanium oxide nitride (PDF 01 -084-4872), whereas diffraction

peaksdenoted with (3) correspond to cubic Ir (PDF 00-006:0598).

5.3.2 Electrochemical activity

The OER activity was determined for the three TiON x-nh-Ir samples and compared with
IrO, (Alfa Aesar) benchmarks (Figure 5.13. The TiONy-nh-Ir analogues were also
compared to Ir on Ti -based support from literature (Table 4). The influence of the electrode
morphology is clearly seerin Figure 5.13with different activities observed for the samples
with different support morphology. Although the morphology of the support does not affect
the iridium deposition nor the dispersion of the nanoparticles, i.e. similar particle size
distribution for all the anodically grown analogues, its decisive role is visible.

At low overpotential, t he TiON-nh-Ir analogues activity trend is: TiONy-1h-Ir >
TiON-3h-Ir > TION «-6h-Ir. However, at higher potentials (> 1.52 V) this trend is altered:
TION4-3h-Ir > TiON -6h-Ir > TiON ,-1h-Ir. To understand this trend, it should be
emphasizedhat the OER polarization curve consists of tworegimes(Figure 5.13: i) the
kinetic regime at lower potentials, which is influenced by the chemical structure of active
sites®?®, surface structureé>?®, electronic interactior?™ 2%, and interactions with support®
9.227.257 i) transport regime at higher potentials, which is controlled by electron transport
and mass transport/removal of the oxygen bubbles. The transport regime is due to
confinement and results in an alternation of the local concentration of reactants and
products. This further causes a local decrease of ¥ or accumulation of evolved oxygen
that can lead to bubble formation. The bubbles formedhinder the mass transport but also
lower the number of active sites available for reactant. Thus, the effective detachment of
gas bubbles is essential for good activity, especially at high potentials where more bubbles
are formed.Notably, the frequency and critical bubble diameter of the detachment depend
on the electrode morphology®?® 2% %0 Therefore, in the kinetic regime, the nanotube
array morphology (highly present in TiONy-1h-Ir) promotes the OER while during the
transition to higher potentials, a combination of cluster size and nanotubular morphology
(characteristic feature in TION4-3h-Ir) governs the reaction. According to the literature,
the cluster size should decisively impact the OER proceeding via bubble management at
higher reaction rates (ie. higher potentialsy®2®, However, the TiON, particle-to-particle
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electron resistance throughthe oxidized surface contact points could lower the OER®.
TiON-1h-Ir statistically has the lowest number of them due to its higher nanotubular
morphology,this could also explain its highest OER activity at low potentials. Accordingly,
TiON-6h-Ir has the lowest OER performance in the lower potentials among the three
analogues, which can be ascribed to the absence of nanotubular morphology and the highest
amount of oxidized contact points although it shows a more promising OER activity at
higher potentials. TION s-3h-Ir has the best tradeoff between electron resistance and mass
transport issues. The higher performances at high current densities compared to TONy-
6h-Ir were ascribed to the lower cluster size (50 + 3 um vs 121 + 7 um).

Based on XPS, EELS and Raman analyses, the surface of the support is rich in Ti©
phase for all three samplesUnfortunately, TiO , can induce passivation and influence the
electron access to Ir nanoparticles (besides TiONparticle-to-particle contact points), and
thus affect the kinetics of the reactior®™ 2%, Therefore, the highest amount of TiON; is
needed to assure good electroconductivity. This phase is important to retain sufficient
electron conductivity as TiONy is largely more conductive than TiO,. XPS and Raman
analyses reveal the highest amount of F{O,N) phase in TiON,-3h-Ir (Figures 5.10 and
5.17), accordingly to its higher activity. Additionally, Raman analyses also reveal the
degree of TiQ; crystallinity where TiON ,-3h-Ir analogue presents the most crystalline TiQ
and TiON,-1h-Ir has the most amorphous one.A correlation of the TiO, degree of
crystallinity (3h>6h>1h analogues) and OER performances at higher potentials
(3h>6h>1h analogues) indicates that TiO; crystallinity could play a role at high current
densities, which would be in line with the better electrochemical stability of the crystalline
TiO, compared to the amorphous on€’. In other words, when the TiO. layer is not
sufficiently stabilized (too amorphous), it can become too thick for efficient electron
conductance/tunneling, impacting negatively the OER performance at high current
densities.

More insights were obtained by performing a Tafel slope analysisThe three anodically
grown analogues have similar Tafel slope (6665 mV/dec, Table 4) which is comparable
to literature values for both rutile IrO , and electrochemically grown oxid& 2¢+2%_ A similar
Tafel slope indicates that the RDS (rate-determining step) is the same for all the catalyss.
The other catalysts with Ti-based support (homemade benchmarks) present Tafel slopes
slightly higher, between 70 and 77 mV/dec.Usually, if the RDS is different, a differencein
Tafel slope of several decades is expected. Hereby, the difference is toaedl to be explained
by another RDS for norranodized samples and alternative reasoning is needed to explain
the difference.The literature data for similar systems suggests that the Tafel slope can be
influenced by the interaction between Ir nanoparticles and the suppof 122, For example,
unusually large Tafel slopes have been observed when Ir was supported on semicociihg
support such as TiO, % 2%, Nonethelesspoth groups of catalysts (with anodically and non
anodically grown support) have the same TiON chemical composition, the steeper Tafel
slope of the noranodically group is ascribed to a more extensive TiQ@ passive surface
layer® 2. This attribution is based on the change in the Tafel slope after electrochemical
degradation (Table 4), where the Tafel slopes of anodically grown analogues increased to
values similar to the nonanodized samples. This isn line with the electrochemical
oxidation of TION « to TiO , during the degradation protocof®* 2%,
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Figure 5.13 OER polarization curves. The curves were obtained at 20 m¥s, in 0.1 M

HclO4, 1600 rpm

Table 4: Electrochemical

E (V vs RHE)

performances of

1,6

Ir-based catalysts (averaged over

measurementsyand comparison with Ir on Ti -based support fromliterature.

3

Sample Mass Activity at 1.55 V rue | Tafel slope [mV/ dec]
[A/ gr]

TiON 4-1h-Ir 360.9 + 18.7 + 60

After degradation (2h) 2454 +12.8 +72

TiON 4-3h-Ir 520.3 £ 50.6 + 63

After degradation (1h) 405.8 + 39.5 77

After degradation (2h) 385.0 £37.5

TiON 4-6h-Ir 369.5+35.1 + 65

After degradation (2h) 223.5+21.2 177

IrO,-AA 99.8+14.3 +70

Ir/ TION,-P25 1439+12.1 + 71

Ir/ TION,-NR? 213.2 +26.9 + 77

Ir/TIN 2 1475+11.4 + 75

IrO.@TIO*® 112

IrO,/TiO , (Umicore)®® 47

IrO,@r/TiN (60wt%) * 222.3 + 52.3

Ir/TiC 2® 150 + 53

a. From Chapter 5.2.2

5.3.3 Electrochemical stability

A chronopotentiometric (CP) protocol was chosen as the degradation protocol in this study

because it is more destructive than a potentiodynamic treatmerf® and thus more
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appropriate for a short stability test. In addition, cycling over 1.6 Vgrue during the

degradation can induce bubbleshat block the surface of the catalyst and protect it against
degradation, leading to wrong conclusions about stability® 2. A short degradation was
applied as a primary degadation test to minimize ruining the carbon backing electrode. A
constant current of 1 mA/mg, was applied for 2 hours on the three anodically grown
analogues and the activity was recorded before and after.

Our results show that the most stable catalyst is TION x-3h-Ir, which retained 74.3% of
the initial activity after 2 h (Figure 5.14). Importantly, most of the performance loss
already occurs after one hour, namely a loss of 22% is observethis suggess that after
an initial loss, the catalyst wactivity decay is slowing down and could sustairprolonged
operation. The activity loss could originate from (i) the dissolution of Ir nanoparticles, (ii)
the physical detachment of Ir nanopatrticles, or (iii) the electrochemical oxidation of TiON,,
leading to the formation of a passive nonconductive TiQ layer. However, a recent study
showed that Ir (i) and (ii), while potentially important in real devices, do not play a
significant role during ADT under ambient conditions and in the time frame of RDE
experiment$”®. Therefore, the activity loss could be ascribed to the electrochemical
oxidation of the TiON 4 support, leading to a thicker TiO, layer. This is in accordance with
the increase of the Tafel slope after the degradationAnother possibility for the decrease
of activity during the first hour is linkedto the formation of a thicker Ir -oxide layer. Indeed,
Ir-oxide is less active than Irhydrous oxide?®2%, However, an activation protocol has been
performed before the testand thus a stable oxide layer was already formed. In addition,
TiON, was shown to hinder excessive oxidation of Ir and stabilize the nanoparticlé&.
Additionally, the most stable catalyst (TiON«-3h-Ir) also contains the most crystalline TiO,
phase. The degree of crystallinity could play a role in stability, based on studies of oxide
analogue$®2® but further dedicated studies would be needed to investigate this effect.

700
650 -22%
600 after 1h

550 il -4%
500 after 1h -39.5%

450 - -32% DS after 2h
400 _- after 2h

350
300 -
250
200
150 -
100 -
50 4
04

Current at 1.55 V vs RHE (A/g;,)

TiON_-1h-Ir TiON -3h-Ir TiON _-6h-Ir

Figure 5.14 Activity remaining for the different samples after 2 hours at 0.1 A/mg,. In
black, TiON «-1h-Ir, in red, TiON «-3h-Ir and TiON «-6h-Ir in green.

5.3.4 Conclusion

Ir nanoparticles deposited on TiON. made from anodically grown TiO, nanotubes exhibit
a 5-times better mass activity than commercial IrO, and 2-times better mass activity than
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Ir on TiON « from the previous study (Table 4). Among the three anodized analogues, the
activity for OER was in the order TiON,-3h-Ir > TION -6h-Ir OTiON ,-1h-Ir at 1.55 V gye.
Better activity was assigned to the differences in the morphology of the support, as other
properties like Ir particle size and metal loading were kept the sameAt low current
densities, a nanotular morphology provides better conductivity than its nanoparticular
counterpart and thus a better activity is observed for TiON-1h-Ir. On the other hand,
bubble management becomes more important at high current densities and the
nanoparticular morphology is more adequateFurthermore, the ratio between O/N was
also similar in all of the samples, as determined by EDX, EELS, and XPSThe amount of
iridium was approximately 11%, as measured by ICPOES, and the average Ir particle size
was 3.3 nm, as observed in STEMThe best stability after the chronopotentiometry test
was found for the most active catalyst, TION,-3h-Ir. Better stability was ascribed to the
morphology and crystallinity of the support (anatase TiO, layer, as found by Raman
spectroscopy) as the physical and chemical characteristics of the catalysts are (almost)
identical.

Therefore, stable and active OER catalysts usig TiON, as support were synthetized.
The morphology of the support for the best catalyst was made of a mix of nanotubular
morphology and nanoparticle clusters. This combinationmorphology brings the best
tradeoff between electron resistance(nanoparticulate support) and mass transport
problems (nanotube support). Moreover, an anatase TiQ layer was found on the surface
and is most likely protecting the TiON« bulk from further oxidation. It is, however,also
the reason for the decrease in activity after thestability test.
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5.4 Support Composition Effect on the Performances of
Iridium Nanoparticles Towards OER

Parts of the following text were published in Advance Material Interfaces under the title
EEnhancing iridium nan ogahilityby adjustirgy thOdowrageoft i vi t vy
titanium oxynitride flakes on redtuuced graphen

L. Moriau, G. Koder man P o.&KbSurcg 8 Semsall Parapari, M. Sal a, U
Petek, M. Bele, P. Jovanovic, B. Genorio*, N. Hodnik*

As the first author, L. Moriau conducted the electrochemical experiments as well as the
online-ICP-MS experiments. He also planned the other characterization techniques
presented in the articles in accordance with the experts. He wrote the initial draft ofthe
manuscript.

Previously, TION x was shown to bea suitable material as a support for OER catalysts It
not only possesses the required characteristics of electrocatalyst support but also improves
the performance of the active material through the SMSleffect. Nonetheless, some features
can still be enhanced like its conductivity or surface area.Therefore, we investigated a
combination of TiONx nanoflakesdeposited on a reduced graphene oxide nanoribbons
(rGONRs) template as a carbon wj ceramic nanocompsite OER electrocatalyst The
nanoribbons morphology allows a fine dispersion of the Ti@ In addition, this specific
morphology provides an efficient particleto-particle electrical conductivity by micro-wiring

of the sample as shown for TiON in Chapter 5.2. or for pure IrO, catalysts®. In this
subchapter, the influence of the composite TION/rGONRs on the activity and stability of

the catalysts wasexplored Three samples with a varying TiION./rGONRs ratio (referred

to as Ir/ Low-TiON,/rGONRs, Ir/ Middle-TiON,/rGONRs, and Ir/ High-TiON ./rGONRs
for a ratio of 1/140, 1/35 and 1/8, respectively) and thus interfacial contact areas between
the three phases have been synthesized and investigated in detail with classical and
advanced electrochemical techniges, as well as structural characterizationln addition to
the three samples with different Ti/C ratio s, the same process was performed without
titanium precursor to yield Ir/rGONRS.

5.4.1 Physical characterization

The results of the synthesis process (see chapter 3.1.1.3) were followstep by step by
XRD (Figure 5.19. In the first step, the unzipping of multi -walled carbon nanotubes yields
amorphous GONRs as seen by the diffraction spectrum in green in Figuré.15. The
deposition of TiO, on the GONRs and the annealing in ammonia atmosphere lead to
TiON,/rGONRs analogues. The reduction of the graphene oxide is visible through the
characteristic peak around 2627° (002,U) in Figure 5.1%. The two other peaks at 37°
(111) and 43.1° (200) are characteristics of TION (6, PDF 01-0844872f%" and are more
intense fa the samples with a higher amount of Ti-precursor used during the synthesis.
This indicates that either higher crystallinity or bigger grains are present in the samples
with more Ti-precursor during the synthesis.Simultaneously, the rGONRs related peak
(at 26u27°) decreases in intensity with an increase of Ti in the support (lower peak for
High-TiON,/rGONRs than for Low -TiON,/rGONRs). Finally, after the deposition of Ir
nanoparticles, new peaks are observed at 40.7° (111) and 47.3° (200) for all the sanagl
(Figure 5.15%) which correspond to cubic iridium (*, PDF 04-007%-8342}". Finally, a sample
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without TiON « was synthesized as a benchmark (Ir/rGONRs) and the characteristic peaks
of graphene and of Ir were also visible (Figures.15).
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Figure 5.15 X-ray diffraction spectra. a) Comparison of the different supports. b) Materials
after the addition of Ir on Low -TiON,/rGONRs support. ¢c) Comparison of the catalysts
with different Ti/C ratios after deposition of Ir. d) Deposition of Ir on rGONRs.

The amount of metals wasquantified with ICP -OES wherelr content of 6.81, 6.49, 9.02
and 6.74 wt% was measured for Ir/LowTiON./rGONRs, Ir /Middle -TiON/rGONRs,
Ir/High -TiON,/rGONRs and Ir/rGONRs, respectively (Table 5). In the case of titanium,
2.3, 13.59, and 31.34 wt% was determined for Ir/LowTiON,/GONRSs, Ir/Middle -
TiION/rGONRs, Ir/High -TiON,/rGONRs and Ir/rGONRs, respectively. No titanium was
found in the Ir/rGONRs sample as expected.Hence, the amount of titanium present in the

Low-rGONRSs/TiON /Ir
rGONRs
20 30 40 50 60 10 20 30 40 50 60
26 (degree) 20 (degree)

sample is not linearly dependent on the ratio of the precursor. When the ratio goes from
rat i otime iocreesklin drecureocbutr at i o)

1/140 to

around a 6time increase in the amount of Ti in the sample, gaing from 2.3 to 13.6 wt%.
Oppositely, when higher concentrationsof Tipr ecur s or
catalyst contains only twice the amount of Ti as in Ir/Middle -TiON./rGONRs with a 4 -

1/ 35

time higher precursor ratio.

Table 5: Physical characteistics of the Ir-based electrocatalysts with a graphene

template/TiON , support.
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ar e
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TilC Tiwt% | Irwt% | Nanoribbons| Iridium particle
(molar ratio) width (nm)* | size(nm)
Ir/rGONRs / <1 6.74 422 + 82 2.35 + 0.47
Ir/Low - 1/140 2.30 6.81 292 + 54 3.4+0.47
TiON ,/rGONRs
Ir/Middle - 1/70 13.59 6.49 288 £ 50 2.52+0.33
TiON,/rGONRs
Ir/High - 1/35 31.34 9.02 301 +£45 2.92+0.2
TiON,/rGONRs
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*Since nanoribbons are a high aspect ratio material, both dimensions, width and length,
would be of interest. The length varies significantly but is in the range of 1 to 10 um.

Afterwards, the morphology of the catalysts was investigated by SEM and TEM.The
nanoribbonsxshape and structure are confirmed for all the samples (Figur®.16. However,
the Ir/TION ./fGONRs analogues exhibit some morphological changes compared to
Ir/rGONRSs. Firstly, the width of the nanoribbons, which decreases when TiONwas added
to the graphene, for Ir/rGONRs is 422 + 82 nm wide while the samples covered with
Ir/TION /rGONRs are 292 + 54, 288 + 50 and 301 * 45 nm wide for Low-, Middle- and
High- Ir/TION ,/rGONRs, respectively (measured from SEM analysis)Moreover, the
surface smoothness changes witthe higher amount of TiON, in the sample. Ir/rGONRs
look smooth whilelr/High -TiON,/rGONR is the more rugged one. This could be beneficial
for the catalytic performances as it in principle increases the available surface area of TION
for Ir deposition and possibly has better anchoringability for Ir nanoparticles. This could
explain the higher amount of Ir present in Ir/High -TION /rGONR . These morphological
changes are most likely due to some interaction between TiONand rGONRs during the
synthesis (thermal annealing or hydrolysis steps). For clarity, the structures of thalifferent
catalysts are represented irFigure 5.17.

-

Figure 5.16 SEM pictures of supported Ir catalysts. a) Ir/rGONRs. b) Ir/Low -
TiON,/rGONRs. c) Ir/Middle -TiON,/rGONRs. d) Ir/High -TiON,/rGONRs.



68 Chapter 5. TiONx as Supporting Material for Ir During OER

@ - Ir Nanoparticle - TION, ;’;- -rGNR

) Ir/rGNRs

~ - -
A S
‘\A\\\\\\*‘\ \‘\

’\/‘\(‘\"\/\\ WANANAAAAAAAA A

Figure 5.17 Graphical representations of supported Ir &ctrocatalysts. a) Ir/rGONRs. b)
Ir/Low -TiON,/rGONRs. c) Ir/Middle -TiON,/rGONRs. d) Ir/High -TiON,/rGONRs.

SEM analysisprovides information about the morphology of the support while the TEM
images deliver morphological details of the deposited iridium nanoparticledn addition,
EDXSTEM mapping provides information about the composition and anchoring locations
of Ir nanoparticles as well as the presence of Ti(Figure 5.18. The EDXS signal of Ti
follows the trend observed in ICROES.

First, the signal in Ir/Low -TiON,/rGONRs is low and evenly spread across the carbon,
pointing more toward cdopi ng ocatbhtngdrigurea5.18.i gni f i can
From the images, it is not possible to claim if it is single atoms or clusters, but no few nm
sized Ti clusters were observed.Nonetheless any Ti-containing clusters would be very
small (not visible in TEM) or in an amorphous form (ack of XRD diffraction) and account
for only 2.3 wt% of the sample. On the other hand, Ti is covering the ribbons like patches
in the Ir/Middle -TiON,/rGONRs sample with some bare carbon sections. These patches
are described as flakes of TIONon nanoribbans. It is observed that t he Ir nanoparticles in
this sample (in blue in Figure 5.18 are mostly present at the intersection between Ti (in
green) and carbon (in red). Finally, for Ir/High -TiON,/rGONRs, the coverage of the
carbon surface by TiON, patches is larger. Subsequently, the Ir nanoparticles are
principally sitting on the TiON , flakes in this catalyst. For comparison purposes,
Ir/rGONRs EDXS is also shown but no Ti signal was observed (Figure5.18. The Ir signal
was seen superimposed onhe Ti signal for Ir/Middle -TiON/rGONRs and Ir/High -
TiION/rGONRs but careful examination of the EDXS signal of Ir/Low -TiON,/rGONRs
shows that Ir is also present on the Ti small signal for this sample. Hence, it looks like
iridium nanoparticles preferentialy grow on top or in direct contact with TiON
patches/clusters For all samples, the size and morphology of the Ir nanopatrticles could be
measured from the TEM images.In the two composites with the most Ti, the Ir
nanoparticles are spherical with an aveage diameter of 2.5 £ 0.3 and 2.9 + 0.2 nm, for
Ir/Middle -TiON,/rGONRs and Ir/High -TiON,/rGONRs, respectively (Table 5). On the
other hand, in Ir/Low -TiON,/rGONRs and Ir/rGONRs catalyst, the Ir nanoparticles are
also small but more elongated Consequently,the average particle size is more difficult to
accurately measure but an estimation of 2.4 £ 0.5 nm and 3.4 £ 0.5 nm was determined
for Ir/Low -TiON,/rGONRs and Ir/rGONRs , respectively (Table 5). In addition, some
particles up to 25 nm were observed for Ir/rGONRs. Thus, the preferential growth of Ir
nanoparticles on TiON, leads to a smaller andmore uniform particle size distribution.
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Figure 5.18 STEM (first row: brightfield, second row: dark field) and EDS analysis(carbon
inred, Tiin green, and Ir in blue). By columns: a) Ir/ Low-TiON ,/fGONRs. b) Ir/ Middle-
TiON,/rGONRs. c) Ir/ High-TiON,/rGONRs. d) Ir/rGONRs.
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Furthermore, Raman spectroscopy confirmed the presence of TiQNn the surface of
rGONRs (Figure 5.19. Spectra recorded at different z values (distance betweerthe
objective and the exposd surfaceof specimen expose the surface compositionAt higher
z values with constant laser power, thedepth signal is lower and thus the signal originates
more from the surface When z values were increased, the carbon peaks slowly disappeared
(typical G and D bands at 1601 and 1354 cm) while the typical TiN/TiIO A/TiON
featureg® 2% 2% discussed before, appeared. The Irpeaks are superimposed in the same
range as the ones for Tibased compounds, specifically at 715 and 445 ch?®. The
disappearance/appearance of peaks with z values pombut that the Ir/TION  is only
present on the surface othe carbon.
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Figure 5.19 Raman spectra of Ir/Middle-TiON ,/rGONR s at the same site but at different
Z axis positions of the objective (innm). The spectra wererecorded using a constant laser
power of 4 mW.

5.4.2 Electrochemical characterization

The samples were activated by cycling from 0.05 to 1.6 W.e under O, until a stable CV
was obtained. Afterward, the electrolyte was saturated with Ar and the samples were
cycled in the same potential at a slow scan rate. The activity was measured at 1.55 Me
after correcting for the capacitive contribution.

Figure 5.20 displays the anodic part of the CV for all the synthesized catalysts and a
commercial IrO; (Alfa Aesar). The activity trend is Ir/Middle -TiON,/rGONRs > Ir/High -
TiION/rGONRs > Ir/Low -TiON/rGONRs > Ir/rGONRs with mass activity of 4820 +
310, 3200 + 250, 2910t 120, and 2450 + 150 A/g «, respectively.The IrO, benchmark has
a recorded activity of 157 A/g\, which is comparable to literature measurements for this
benchmark? & 9% 22. 26026 |t means that our catalysts present a 30.5, 20.4, 18.4, and 15.5
improved activity over the benchmark The enhanced activity can be mostly ascribed to
better utilization of Ir in the supported analogues over the IrO, benchmark namely smaller
particle size and thus higher active surface area exposedHowever, while the particle size



5.4. Support Composition Effect on the Performancef Iridium Nanoparticles Towards OER 71

difference and the use of support can explain the difference between the synthesized
catalysts and benchmark, it does not provide a satisfyingexplanation for the difference of
activity observed between the supported analogues. Other factorsan be responsible for
activity differences asan effect of the support® @ 108 126.207. 26 g |r -oxide compositiort? 2
(e.g., hydrous iridium oxide is more active than the crystalline oxide).

In the case of Ir/Low-TiON/rGONRs and Ir/rGONRs samples, a comparable activity
is expected as they havea similar structure and composition as seen from the XRD results
(black curve in Figure 5.15 and red in Figure 5.15, respectively). The main differences
between these two samples are the low amount of TiONon graphene in the Ir/Low-
TiON,/rGONRs (2.30 wt%), a bit smaller average particle size (3.4 +0.5nmvs 2.3+ 0.5
nm for Ir/Low -TiON,/rGONRs and Ir/rGONRSs, respectively) and the presence of large
particles found only in Ir/rGONRSs. Intriguingly, these differences do not affect the OER
activity at low potential (under 1.53 V rue), but they do have an impact at higher potentials.
This difference cannot be ascribed to the smalbaddition of TiON 4, as 2.30 wt% is likely
not enough to induce a SMSI effect and thus an influence on the activity. However, this
small addition is indeed enough to impact the stability of carbon as addressed later.
Therefore, the trend shift at low and hig h potentials is most likely due to the presence of
large particles in the Ir/rGONRs sample. At high potentials, the bubble management issue
has a significant impact on the activity as mentioned before and larger particles have a
lower active surface area pr mass than small particles. Consequently, at high potentials,
the bubble formation and release are improved on small particles. Thus, Ir/Low
TiION,/rGONRs catalyst with a more homogeneous dispersion of Ir nanoparticles has
better activity than Ir/rGONRs at high potentials where the bubbles management plays a
more important role, and thus the particle size distribution is more critical, while it has a
similar activity at low potentials. On the other hand, adding a higher amount of Ti (both
13.59 wt% and 3134 wt%) drastically increases the activity. Several factors could explain
this enhancement.First, TiON « has been shown to induce SMSWith Ir (Chapter 5.2.2)
and the presence of flakes, oppositely to 2.30 wt%, is most likely enough to generate this
effect It can affect the growth of the less-active Ir-oxide and thus affect OER activity and
Ir nanoparticles stability as previously shown Secondly,the nanoparticles in If/rGONRs
and Ir/Low -TiON,/rGONRs are more elongated than the spherical ones of Ir/Middle
TiIONL/rGONRs and Ir/High -TiON,/rGONRs catalysts. The catalytic reactions have been
shown to becatalyst-shape dependent and thus this could influence the OER activit§? 2™
%0 The last possible influencing factor is the average particle sizend thus Ir utilization .
However, this factor is definitely not enough by itself. Indeed, Ir/Middle-TiON ,/rGONRs
has the smallest average particle size (2.52 + 0.33 nm) compared to the two other analogues
(340 = 047 nm and 292 = 0.2 nm for Ir/Low -TiON,/fGONRs and Ir/High -
TiON/rGONRSs, respectively), but this accountsto only a 20 % difference (based on simple
geometric particle sizeto-surface calculation, assuming spherical particles) while the
difference in mass normalized activity is between 40 and 50 %.

The small amount of Tiin Ir/Low -TiON,/rGONRs (2.3 wt%) is assumed notto induce
the SMSI effect due to a dopinglike presence of Ti instead of Ti-containing structures as
defined by XRD and EDXS. At the same time, both Ir/Middle -TiON,/fGONRs and
Ir/High -TiON ,/rGONRs analogues should have a similar SMSI effect as they both have
TiON flakes.However,the beneficial effect obtined with the addition of a halfway amount
of TIONx (13.59 wt% Ti, Ir/Middle -TiON,/flGONRs) does not scale up whena higher
amount of TiONy is added. Namely, Ir/High-TiON,/rGONRs has a lower activity than
[r/Middle -TiON,/rGONRs (around 40 %). The first look of STEM images and EDXS
mapping gives the impression that Ir nanoparticles are sitting on TiON: for both High-
and Middle-analogues while a closer inspection tells another story.he Ir nanoparticles are
indeed anchored on top of TiON. flakes in Ir/High -TION ./fGONRs but the nanoparticles
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are present on their edges in Ir/Middle-TiON,/fGONRs catalyst. In the latter, the
nanoparticles are in contact with TiON, and with the rGO nanoribbons simultaneously.
Therefore, the heterojunction between nanopatrticles and the support as well as the binding
environmentis not the same in both catalystswhich indicatesthat the difference in activity
could go beyond the effect of SMSI with TION,. It suggests that the notable activity
increase in Ir/Middle-TiON,/rGONRs occurs due to some synergistic effects due to the
special position of Ir nanoparticles in contact with both TiON, flakes and carbon.This
unique distribution which brings the highest activity is not present for lower Ti loading,
where the Ir nanopatrticles are predominantly supported on carbonnor at higher loading,
where the nanoparticles are anchored on top of TiON flakes. Indeed, the activity can be
presented as a volcanglot where on one side, there are carbesupport catalysts, and on
the other side the catalysts with Ir are on TiON , while Ir/Middle -TiON,/rGONRs, with

Ir nanoparticles sitting on both TiON « and carbon, is at the top.

The Tafel slopes are similar for all the catalysts with values 0f50.2, 52.4, 54.7 and 59.1
mV/ dec for Ir/Middle -, High-, Low-TiON ./fGONRs and Ir/rGONRs , respectively Hereby,
all the materials have the sameRDS for OER. Moreover, values between 40 and 70 mV/dec
are frequent for Ir-based catalypts®® 22 254 26426281 (Tgple 6).

In comparison to the literature (Table 6), Ir/Middle -TiON,/rGONRs catalyst is the
most active catalyst reported at 25°C. It outperforms the most active Ir-alloys catalysts
reported so far by Alia et al. (3353 A/g\ and 2327 A/g, at 1.55 Vgrue for Ir-Ni and Ir-Co,
respectively®. With an activity of 862.93 A/g  at 1.5 Vrue, it also overpasses the
performance of other supported Ir catalysts (r/ATO, 185 A/g \ at 1.5 Vrue) proposed by
Hartig-Weiss et al!®, or IrRu@Te presented by Xu et al. (590 A/grru at 1.5 Vgrue)?®. In
addition, the impact of the carbon template was observed whencompared with our
previously made TiON,-nh-Ir catalysts (Chapter 5.3). The catalysts with a carbon template
have one order of magnitude higher activity.The Tafel slope is also slightly lowe for the
catalysts with a carbon template with a value between 50 and 55 mV/dec over the 6&5
mV/dec observed before. The RDS is similar in both groups as the difference is not big
enough, but this still indicates that the kinetics is higher when the carbon template was
used.

Therefore the TiON x support can directly influence Ir nanoparticles properties like
morphology, particle size or electrical contact. Moreover, it can also affect the
electrochemical performances of Ir nanoparticles via many featuse like support
interaction?®?, better wiring?® or oxygen bubble formation and removal proce<§. These
will influence not only the activity but also the stability (SMSI) or the Tafel slope . The
last one depends on the coverage of the catalysts by the ietmediate$®?® and thus is
influenced by, among others, theoxygen bubble formation/removal the Ir nanoparticles
morphology, the adsorption energyand the Ir oxidation state.
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Figure 5.20 OER performance of the catalysts in Arsaturated 0.1 M HCIO,. a) Positive
scansafter correction for the capacitive contribution of the CVs (20 mV/s, 0.05 to 1.6
Vrue). b) OER mass activities at 1.55 Vgrue of the catalysts before (plain) and after
(crosshdch) chronopotentiometry (average of three measurements).

Table 6;: Comparison of electrochemical performances of-lased catalysts.

Samples Alg . at 1.5 Vgrue Algr at 1.55 Vrue Tafel slope (mV/dec)
Ir/rGONRs 605 2361 59.1
Ir/Low - 540 2827 54.7
TiION/rGONRs

Ir/Middle - 863 5216 50.2
TiION/rGONRs

Ir/High - 649 3227 52.4
TiION/rGONRs

IrO-AA 34 157 67.6
TiON -1h-Ir 361 60
TiON-3h-Ir 520 63
TiON -6h-Ir 370 65
[r2 140300

IV 2% 460

Ir/TiO 2% 70

IrO, " 689

IrNi & 3353

IrCo® 2327

Ir bulk 63

Ir nanoparticles® 64
Ir network 2 1850*

IrO/TiN 204 < 250*

IrO,/ATO 20* 56.859.4
IrRu@Te® 590

* From graphs
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5.4.3 Stability evaluation

54.3.1 Electrochemical performances and morphological change

In this case, the stability of the OER catalysts was evaluated with two different ADTSs.
The measurements were performed on fresh films. The first degradation test was 5000 fast
cycles in the OER window, 1.2 to 1.6 Vkue, 1V/s. The catalysts maintained a high activity
after this test (Table 7). This ADT, while often performed in literature 2% 1227 is in our
opinion, not severe enough toinduce degradation mechanisma of the catalysts and thus
longer tests are needed to observe effective degradation. In additionhe current target of
the real device (WE) is to achieve a good current density. Hence, the second test was a
chronopotentiometry (CP) protocol. A constant current of 2 mA/cm %., was applied for
two hours which is equivalent to 0.20.3 mA/ ug; for the given loading on the electrode
(around 6u9 pg./cm?).

After the first ADT (cycling), the activity retention trend is  Ir/Low -TiON ,/rGONRs
> [r/High -TiON,/rGONRs > Ir/Middle -TiON,/rGONRs. The most stable catalyst retains
99% of its initial activity while High- and Middle- analogues keep 93 and 87%, respectively.
The stability trend under cycling is the opposite of the activity trend for the TiON -
analogues. This is logical as the catalyst that is less active will reach a lower current during
fast cyding in the same potential window than a highly active catalyst. Consequently, less
oxygen is produced(which can involve dissolution of iridium?"), less oxidation of the
support/nanoparticles occursand thus the more active the catalystsare, the harsher the
cycling degradation test.Moreover, it was shown that the O, bubbles, formed during fast
cycling, can block the active spots, and thus decrease the measured activit§f 2. This
problem is also more impactful for more active catalysts. Nonethelesghe less active
catalyst Ir/rGONRs is also the less stable under cycling with 84% activity retention. This
could be due to the absence of stabilizingSMSI between Ir nanoparticle and the carbon
support, oppositely to TION, containing materials.

On the other hand, the stability trend after the CP -ADT is Ir/High -TiON,/rGONRs
> Ir/Low -TiONrGONRs > Ir/rGONRs > Ir/Middle -TiON,/rGONRs. Here, the good
stability of Ir/rGONRs and Ir/lLow -TiON,/rGONRs, with 70 and 77% activity retention
respectively, was surpri;ig as the carbon was expected toheavily degrade The 7%
di fference was atopi hgte dlONdGONRse Iw thel dase of
Ir/High -TiON/rGONRs, 85% of the activity remains after 2 hours, making it the most
stable catalyst while the secad-best catalyst in terms of activity. On the other hand, the
most active catalyst, Ir/Middle -TiON./fGONRSs, is the least stable one with a 36% loss of
activity. However, its activity after degradation is still one of the highest in literature & 2%
28 with 3097 A/g .
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Table 7: Remaining activity after ADTS.

Samples Alg at 1.55 Vrue | % of activity retained at | % of activity retained at
1.55 Vrue after 2h at 2 | 1.55 Veee after 5000
MA/cm %4, cycles (1.2 t0 1.6 \kue)

Ir/rGONRs 2361 84 70

Ir/Low - 2827 99 77

TiON/rGONRs

Ir/Middle - 5216 87 64

TiON/rGONRs

Ir/High - 3227 93 85

TiON/rGONRs

In addition to the evaluation of activity before and after ADTs, the morphological
changeswere investigated with TEM. After 5000 cycles, ho major structural changeswere
observed in Ir/Middle-TiON/rGONRs. The particles werestill small and evenly dispersed
on the support (Figure 5.21a-d). After the CP protocol, the particles start to agglomerate
which reduces the ECSA and could explain the loss of activity(Figure 5.21e-h). The
agglomeration occurs at the junction between rGONRs and TiON as seen in EDXS (Figure
5.2Z%-h). In comparison, the most stable catalyst under CP (Ir/High -TiON,/rGONRS)
exhibits lower agglomeration and higher retention of the spherical shape of the
nanoparticles (Figure 5.21i-1). Moreover, the carbon template remains coverd by TiON

(Figure 5.23-1).

Figure 5.21: TEM pictures. a-d) Ir/Middle -TiON/rGONRs after 5000 cycles between 1.2
and 1.6 Vrue. eh) Ir/Middle -TiON,/rGONRs after 2h at 2 mA/cm Ze, i-l) Ir/High -

TiON./rGONRs after 2h at 2 mA/cm 2,






































































































































































