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Abstract

Transition metal oxides are promising electrocatalysts for the oxygen evolution
reaction in alkaline media and are relevant for the emerging anion exchange membrane
water electrolyzer technology. In this thesis, facetedk salt nickel oxide with
predominant exposure of the (111) plane is employed as a model system to investigate
the correlation between surface reconstruction and catalytic activity during the oxygen
evolution reaction.

For electrochemical characterization, fundamental rotating disc eleetxpdaments
were performedh addition to an advanced haléll configuration, designed to resemble
conditions relevant for anion exchange membrane water elesifrolgorrelative
spectroscopy techniques such asa} absorption, Xay photoelectron, andngsitu)
Raman spectroscopy were used to investigate structural and compositional changes
between the pristine catalyst materiklefore electrochemical characterization
(pre-catalys) and the catalyst state after electrochemical ©E&acterizationThe latter
gives insightinto reversible and irreversible changes of the catalyst material and allows
estimationof catalytically relevant surface structures and active phases for the OER.

Pure nickel oxide (111) nanosheets synthesized via different routes were
electrochemically evaluatddr different applied annealing temperatures. Building on this
model material, cobaltand manganesacorporated nickel oxide (111) samples were
prepared to improve oxygen evolution performarid#hough the activity enhancements
were modest, distinct changes in redox behavior were obseBatH cobalt and
manganese suppressed the formation of nickel oxyhydroxides, as eviderrotatibhg
disc electroderad X-ray photoelectron spectroscqoand manganese wasovento leach
duringelectrochemicatesting.

Incorporation of irorenabled the synthesis piasepure materials up to iron contents
of five molepercent and belowYet, the iron incorporation has led to drastic
improvements othe oxygen evolutioperformancefar exceeahg the performancef
pure nickel oxide (111) and the cobahd manganesacorporated samples. Comparing
synthetically obtained irenickel (hydr)oxides with pure nickel (hydr)oxides
incorporating irontroughspiking of theelectrolyte revealed that only trace levels of iron
incorporation are sufficient to achieve high oxygen evolution performances. The systems
tested in irorcontainingelectrolyteseven outperformed the syntheticalgmpounded
materials. The suppression of nickel oxyhydroxide formation in the presence of iron
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challenges the assumption that pronounced reconstruction is redoiredigh
performancesnd instead highlights the high intrinsic activity of koontaining nickel
(hydr)oxides

Finally, recommendations for reliable electrochemical testing anesitu
spectroscopic characterization of oxygen evolution catalpsedkaline solutionsare
provided based on insights from nickel oxide systems, with applicability to other catalyst
families.

Overall, this work contributesto the knowledge of Nbased OER electrocatalysts in
alkaline media by studyinthe role of transitionmetal doping on the oxygen evolution
activity and the surface reconstructionnutkel oxide.High oxygen evolution reaction

performances can be achieved without extensive surface reconstruction into NiOOH.



Zusammenfassung

Ubergangsmetalloxide sind vielversprechende Elektrokatalysatoren fiir die Sauerstoff
entwicklungsreaktion nmh alkalischen Milieu und sind von Bedeutungfir die
aufkommendd& echnologie deAnionenaustauschmembraiiasserelektrolyse. In dieser
Dissertation wird facettiertes Nickeloxidin Steinsalgtruktur mit Uberwiegende
Exposition der (111Ebene als Modellsysteomtersuchtum die Korrelation zwischen
der Oberflachenrekonstruktiomles Vorkatalysatorsind der katalytisch@ Aktivitat
wahrend der Sauerstoffentwicklungsreaktion zu untersuchen. Fir die elektrochemische
Charakterisierung wurde die grundlegende Technik der rotierenden Scheibenelektrode
verwendet und spater usinen fortgeschrittenerHalbzellermufbauerweitert die den
Bedingungen eine&nionenaustauschmembraiasserelektrolyseurs ahnelt.

Korrelative  Spektroskopielechniken wie  Rontgenabsorpti@spektroskopie
Rontgenphotoelektronenspektroskopie unid-s{tuy) RamanrSpektroskopie wurden
eingesetzt, um strukturelle Veranderungen zwischen dem urspringlichen
Katalysatormateriator der elektrochemischen Charakterisier¥grkatalysator)und
dem Katalysatorzustand nach elektrochemischen-D&S®szu untersuchen. Letzteres
gibt Aufschluss Uber reversible und irreversible Veradnderungen des Katalysatormaterials
und ermdglicht es, katalytisch relesa Oberflachenstrukturen und aktive Phasen fur die
OERaufzuklaren

Zunachst wurden reine, uUber verschiedene Syntheserouten hergestellte Niekeloxid
(111)Nanoplatichen bei variierenden Kalzinierungstemperaturen elektrochemisch
untersucht Aufbauend auf diesem Modellmaterial wurdesbalt und mangataltige
Nickeloxid-(111)}Nanoplattcherhergestelltmit dem Zieldie Sauerstoffentwicklursg
reaktionzu verbessern. Obwohl die Aktivitatsverbesserunpeimgfiigig warepkonnten
deutliche Veranderungen im Redoxverhalten beobaatateten Sowohl Kobalt als auch
Mangan unterdriickn die Bildung von NickeDxyhydroxidenwasdurch die rotierende
Scheibenelektrode uriRldontgenphotoelektronenspektroskopachgewiesen wurd8ei
Mangankonnte weiterhin ein herauslosen aus der Elektrode waletekitochemischen
Testsnachgewiesen werden

Weiterhin wurde die Zugabe voRisen in die verschiedene Nickd&llaterialien
untersucht. Sowohlin die Nickelhydroxide, als auchin die Nickeloxid-(111)
Nanopléattchen konnte bis iinf Molprozent Eisen hinzugegeben werdeDaruber
hinaus bildeten sich Eisenfremdphaseie Sauerstoffentwicklungsaktivitat tbertraf



jedoch bei weitem die von reinem Nickeloxid (111) und kiglmalt und manganhaltigen
Proben.Der Vergleich von synthetisch hergestellten Eiskckelhydroxiden und-
oxiden mit analogen Materialien, bei denen Eisen ausschlief3lich Ub&ilealdrolyten
zugegebenwurde, zeigte, dass bereits geringe Eisenmengen gentigen, um eine hohe
Sauerstoffentwicklungsaktivitat zu erzielde in eisenhaltigem Elektrolytegetesteten
Systeme Ubertrafen sogar die synthetisch gemischieerrNickelmaterialien Die
Unterdricking der Nickeloxidbildung in Anwesenheit von Eisen stellt die Annahme in
Frage, dass eine ausgeprag@berflichenekonstruktion zu Nickeloxhydroxid
erforderlich ist, undlasst stattdessen die hohiatrinsische Ativitdt eisenhaltiger
Nickeloxyhydroxidevermuten.

Schliel3lich werden Empfehlungen fur zuverlassige elektrochemische Teé§is died
exsitu spektroskopische Charakterisierung von Sauerstoffentwicklungskatalysatoren in
alkalischer Lésung gegeben, die auf den ErkenntnissereauNickeloxidsystemen
basieren und auf andere Katalysatorfamilien Ubertragbar sind. Insgesamt wurde in dieser
Arbeit die Rolle der Dotierung mit Ubergangsmetallen auf die
Sauerstoffentwicklungsaktivitdt und die Oberflachenrekonstruktion von Nickeloxid

untersweht.
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Chapter 1: Introduction & motivation

1 l ntrodé&embt omati on

H> produced by renewable energy has the potential to play an importairt tbke
energy transition from mostly fossil energy sources towards renewable energis. As
2025, the majority of Hlis still produced through steam reforming of fossil natural gas,
which should be substituted by water electrolysis (WE) to decarbonize pineddiction®
Thereby, H can beappliedin multiple energy demanding sectors. Firstly cdn be used
to displace fossil fuels as energy carriers in transportation and residential applittions.
This sector can be also decarbonized by electrification in many cases, unlike the following
sectors. Secondly, Hcan be a feedstock in industry e.g. for the direct reduced iron
process, in oil refining, and in glass, ammonia and methanol proddédiordly, H, can
be used for the lonterm or seasonal storag§@During periods of high renewable energy
production or when demand of electrical energy is lowatildbe produced in a flexible
operation by WE with fluctuating renewable energy. This concept is visudbresl
duration of three days based on real datd&igure 1. Furthermore, the WE can be

regulated down or off, when electrical energy production is low.
a)

Produced (renewable)

Demand A ﬂ
” —
Renewable Grid
energies g

Figurel: a) Simplified overlay of the electrical energy produoedr three dayBom renewable
energies, the total energy demand aheé resultingsurplus. Based on data from the
Bundesnetzagentdib) Schematic of the energy usage from renewable energies.

ergy

n

Electrical
e

To reduce carbon emissions in sectors that are otherwise challenging to decarbonize,
it was proposed that H; productionup to 2.3 Gt per year is necessafbhis amount of
H> production needs large amounts of productapabilities The implementation of
those large scaleiproduction capabilitiesouldbe limited by the availability of critical
raw materialsEspecially the proton exchange membrane water electrolysis (PEMWE)
technology requiresaw materialsuch as Iridium and Platinun.

ConsequentlysuitableWE technologes shouldallow an operation at flexible loads
over extendedoeriodswhile using abundantaw materials Anion exchange membrane
water electrolysis (AEMWE) is a promising technoldbgt mees these requirements

However, the AEMWE technology needs further improvemientise aspects dahecell
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performance, the durability of thmembrane and theimplementation of stableon
critical catalyst material®.

For the AEMWE, the anode encompassingakygen evolution reaction (OER) is the
primarysource obverpotential$ There are several challenges accompanied to the OER.
One challenge is the highly oxidative conditions a&fleetrode during OER, which leads
to dissolution of catalyst materigl§his dissolution processes make it difficult to balance
activity and stability of the catalystsurthermore, OER catalysts have dynamic surface
structures whictmakethe design of the active catalysts challendiBecause of the
reconstruction occurring at OER conditions, the applied OER catalysts materials are
called precatalysts before they transform into the active catalyst phase.

This thesis addresses the challenges of correlating the surface reconstruction of the
pre-catalyst and to the OERctivity. This will be done by applying combination of
rotating disc electrode(RDE) experiments and spectroscopic techniqueJhe
characterization ifocused ondcetedock saltNiO, specifically NiO(111)synthesized
as a model preatalystusing anovelmicrowave MW)-assistedoutethat significantly
reduces theynthesis timeThe welldefined structure of the faceted f&talyst enabke
detailed insights into the surface reconstructoyncharacterizatiorbefore and after
electrochemistry.

State of the art OER electrocatalysts often combine multiple metal oxides to obtain
active OER electrocatalystsTherefore, the effect of Co, Mn and Fe incorporated into
the NiO(111) host was studied. The surface reconstruction and the activity of the
compounded materials wasligned Furthermore, a comparison between the
incorporatiorstrategie®f the compounded dopintgrough synthesiandthe Fe** in-situ
dopingfrom the electrolyte

RDE enabled fundamental electrochemical testing in this thdeisever, the RDE is
not designed to resemble applicatr@hevant conditions. To study catalyst performances
closer to the application conditions, a customized-tellfsetup will be established.

Furthermore, this thesis addresses the concerns of reproducibility in electrocatalytic
studies. Important factors for the reproducibility of electrocatalytic experiments are
discussed to be the catalyst coafinglectrolyte impuritie¥ and the electrochemical
conditioning of the catalyst. Therefore, soméactors influencing theeproducibility of
OER studiesare discussed for the NiO system. The effects are tatattatively,and
practicalrecommendationare maddor obtainingreproducible OER characterizatibg

mitigating inconsistencies in reported data.
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Chapter 1: Introduction & motivation

Overall, this thesis features multiple insigimt how Ni-based catalystsansform
during OER conditions and how the reconstruction is influenced by the addition of further
transition metalsFurthermore, the study examines the widely held assumption that

extensive reconstruction toward NiOOH is a prerequisite for achieving high OER activity.
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2.1 Water electrolysis technologies

2 Fundament al s

The following chapteintroduceghebackground oAEMWE and thughemotivation
for researcing earth abundantatalysts forelectrochemicaivater splitting in alkaline
media. Thehaptethen narrows to th@ERin alkaline media and nickddased catalysts
which arecentral to this thesisFinally, the rationale for investigating faceted NiO

precursors and the consecutive surface reconstruction under OER conditions is presented

2.1 Water electrolysis technologies

Electrolysisis a galvanic procesbatdrivesthenonspontaneous reactiaf H20 into
H> and Q by applying an electric currenThe overall reaction of WE igiven in
Equationl.

2 ,8 YH,20, 1

TheWE consiss of two spatiallyseparatdalf-reactions At the cathodehiehydrogen
evolution reaction (HER) occurs. In alkaline medidne HERconsumes € and4 ,H
molecules to produce 2>HMolecules andt O H ions as shown inEquation2. The
generated H ions migratethrough the electrolyte and tieeare conducted throughe
electricalcircuit from the anodeAt the anode, th©ER takes placewheret O H ions
are oxidizedto form one equivalent of a®, Molecule, 2H,/ and to providete
(Equation3). In bothhalf-reactions,H,/ is participating but it is ultimately consumed
in the HER.

4 H eo%m12 4 QaH 2
40HY O+ 2XH « 4 3

The standard electrode potentigfsfor the HER and the OER are OV§. reversible
hydrogen electrode (RHE) and 1.23 V vs. Rutifler standard conditionsespectively
From these valued)¢ equilibriumvoltagefor overall water splittindJ, can becalculated
(Equatiord), which equal4..23 V.

U= & = ECat noAmodel - 23 V 4

In practice, a potential greater theifi must be applied to drive the electrochemical
conversion at measurable rat&snetic barriersand electrical resistancesld to the
thermodynamicequiredU,, which results in thebservation of an overpotent@lOnly

when sufficientd is applied,the electrochemical procesanoccur Thedis defined as
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Chapter 2: Fundamentals

the difference between the applied electrode poteBt{glat agiven current density
[MA cm?, andthe standard electrode poten&{Equation5).
d=E() E’ 5

For electrochemicalwater splitting, the total overpotentiati, . is the absolute
difference between the overpotential at the cathode and the anode (eGuéiigare?2
illustrates the overpotentials for HER and OER and the counter reactions of the ORR and
the HOR.The large share of the to the— is emphasizedin practice, the
performance of a WE cell is evaluated at sirgg# level, encompassingiembrane
resistanceghe OER and the HERDetails on the OER are discussed in Chapi2r

dWE: dCath-gﬁdneode 6
A NHER I HoEer I A

| |

OER
£ c
'; ﬂ
i =
g E(HER) . E(, OER) g
‘E’ ] ] . o
E E(, HER) E°(OER) Potential E §
= -
& <

HER
| |
| |

HwE

Figure 2. Representatiorof the overpotential for water electrolysisw O including tre
OEROER) and the Hydrogen evolutioraction (HER)as a plot of the Potential versus the
current densityFurthermorethe countereactionsof the Oxygenreductionreaction(ORR)and
the Hydrogenoxidation reactiofHOR), areshown

Electrolysis can be viewed at several scales: aplto® level, arelectrolysis system
contains one or multiple electrolysis stacks together with the balarckplant
components. Each stack contaseveralsingle cells connected by bipolar plates and
sharing commoimletsand outle$ for reactantand product.

To compare the activity, stability and efficiency of electrolysis cells, different
electrochemical metrics are employ@dhe activity of an electrolysis cell is typically
expressed as the geometric current defpgisyand the overpotentig| required to reach
a definedgeo Both valuesjgeoandd, can be extracted from the polarization curves of the
electrolyzer which are acquired by applying stepwise current densities and measuring the
corresponding cell potenti¥l.Conversely thepotential steps can be applied to measure
the resulting current density.
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2.1 Water electrolysis technologies

The stability of an WE cell is characterized by monitoring either the
(chronopotentiometry) or the current density (chronoamperometry) over time. The
stability is evaluated trough long term testing (>1000h) or accelerated stress protocols,
where reduced durations are uséd.

Theefficiencyis usually measured as the faradaic efficiency, which describes the ratio
between the experimentally measured amount of produair(B,) and the theoretically
amount, derived from the integration of the chronoamperometric cloono
potentiometricdata using Faraday's lawsThe efficiency can be reduced by side
reactions at the electrolysis conditions like corrosion or by cross over of mesjlysH
through the seperatét.

Themetricsintroducedabovecan be used to compare the different WE technologies,
eachof whichhas distinctharacteristicsas summarized ihablel. The most significant
differencesarise from the operation conditionsich as temperature and the type of
electrolyte, whichdictate the choiceof anode and thecathode catalysts. These
technologieslso differin thetechnology readiness level (TRLyhich ranges from the
proof of concept at TRL 1 téull-scale operational plants at TRL 9. In addition, the
specific challenges associated with each technology are highlighted.

Solid oxide electrolysifSOE) operates at high temperatures, which I@atiee d for
water splitting but increase requirements on the materials and hinder the load fleéXibility.
As a result, the SOE systems adapt only slowly to load chandelsantags of SOE
are the relatively high efficiency aiig bifunctional character as a solid oxide fuel cell
or as an electrolyzer, and the electrolysis mode can process diverse feeds (e.g. steam and
COp).15

The PEMWE technology employproton exchangenembrans, typically made of
perfluorinated alkyl polymers with sulfonic acid side chaifhese ionomers enable
proton and water transport and create an acidic environment at up teu®@abwing
operation at high current densities over a wide load rangewever, PEMWE
technology requires scarce nolhetal catalysts and faces stability issues of parts in
contact with the acidic environment.

Tablel: Overview of differet WE technologies by comparison sédveralcharacteristics, such

as the setupgperationconditions, the catalyst materials and some further applicegienant
metrics.

System SOE PEMWE AWE
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Chapter 2: Fundamentals

conductingceramic¥®

Ir reductionat anode?™ 29

Setup I—H—l S
Hye +H,0| Hy« >0,
212_
—0, Pmm“ g;ﬁ) l?—l(zg" 3 3 *%—Eg
" e ““1“.2‘2?”
 Bipotar plaes
Electrolytel O? conducting Ytrium H* exchange membrane, 20i 40 wt% NaOH and KOH
stabilized Zirconia and perfluorinated alkyl polymerg electrolyte, diaphragrar
Gandolinium doped Ceria with sulfonic acid side anion exchange membrane
chains® separator between
electroded?16
Temperature | 600-900°C 70-90°C 65-100°C
Anode2 Anode (Qelectrode) IrOx, ionomer binde?, Ni, Fe-Ni alloys, NiCo
Lais 1 SKCor 1 fygOs and alloys'®
Lau 1 SKCOGs!®
Cathode3 Cathode (fuel electrode) Ni on Platinum supported on Ni, Ni alloys, Nir Mo
Yitrium stabilized Zirconiaand | Carbonjonomer binde?, alloys®
Gandolinium doped Ceria
Current 0.26:0.9 A cn? 1415 0.82 A cni2514 0.2-0.6 A cnm?14.17
density
H: output <1 bat4 <80 bap !4 <60 bat*
pressure
Flexibility 60 min cold start, 15 min warn| 15 min cold start, load 5-15 min cold start, min. loag
start,cathode gas flexible (e.g] adaptation in seconds, of > 20%1*18designed for
H20 and CQ), bifunctionall® | temporary operation at 1609 fixed load!®
load4>2.5A cnt
available>14
TRL TRL 4-6,*4 commercially TRL 6-8,*4 commercially TRL 9,*4 commercially
available at kW scalt;?° available at MW scal&}?? available at MW scalé&?*
Research Sr segregation ianode, Ni Fluorine free hydrocarbon | Gas crossovesrevention
approaches migration incathode?® proton | ionomersand membrang=?® | increasedturrent densities,

load flexibility&17

Alkaline water electrolysis(AWE) is a mature technology, whicises liquid alkaline

electrolyte in combination with a diaphragm or membrane to separate the reaction

compartment$® AWE is easily scalable and relies on relatively domst. Its high TRL

of 9 reflects decades of reliable operation under steady loads, dating back to th# 1900s.

Nevertheless, conventional AWE designs are optimized for codsthbperation and

are limited by low current densities and a poor tolerance to fluctuating load operation or
even shutdown cyclé$ The modern demands of a flexible operation with electricity from
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2.1 Water electrolysis technologies

renewable energies is not captured by the TRL classificafibns, the flexible load
operation of AWE systems is an open research question.

AEMWE combines the operational flexibility of PEMWE with the ability to employ
abundant catalyst typical for AWE. This emerging technology will be further discussed
in the following section and represents the target application of this thesis.

The configuration of an AEMWE is depictedfigure3a and closely resembles that
of a PEMWE. A key difference is that the two reaction compartments of an AEMWE are
separated by an anion exchange membrane (AEM). AEMs are typically polymers
consisting of cationic groups along a polymer cRaifihese groups enable the
conductivity of OHions through the membrane and within the catalyst Iy@uh ion
conducting polymers are generally referred to as ionomers. When casted as a membrane
foil between the anode and the cathode, the AEM also acts as lzyaiestgas
crossover.
a)

el

H,0 >

c

3
Porous
transport laye
Bipolar plate

Figure3: Schematic representation of an anion exchange membrane water electrolysis including
the anion exchange membrane (1), the anode (2) and the cathode (3) with b) an enlarged view
into the catalyst layer of the anode. Theshbstrate isoloredgrey, the catalyst is colored in

brown and the ionomer is colored in yellow. The simplified OER is depicted at an interface
between ionomer, the catalyst and the liquid phase.

Ideally, AEMWE systems are fed with pure water, and ion conductivipyasided
only by cationic groups of the ionomer both in the membrane and in the catalyst layers.
In practice, however, dilute support electrolytes (e.g:10M KOH or KoCOgs) are often
used to reduce ohmic loss¥s? Unlike in AWE, where ion transport is provided by
concentrated alkaline solutig#.

AEMWE is typically operated at temperatures between 50 and 8&A@ at current
densities of about 2 cm2.33 It has also been reported to perform well under fluctuating
load operatiod* Another advantage over AWE, is that the membrane allows the
production of pressurizedzHwith pressuresxpected to reach up to 70 BACompared
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Chapter 2: Fundamentals

to PEMWE, the main benefit of AEMWE is the possibility of operation without using
scarce electrocatalysts materials.

Some AEMWE designs employ Pt/C as the cathode catalyst arslpelbrted Ir@
as the anode catalyst, both materials coated on Ti foam sub&tratescent study by
Klingenhof et af? demonstrated that the IsGit the anode can be replaced by -non
precious materials, such as-Ke mixed hydroxides, while still achieving competitive
current densities of >B cn?. This performance was achieved by optimizing thd=ali
mixed hydroxide loading to 1 mg c¢tavoiding limitations from poorly conductive
hydroxide layers, and by employing catalyst coated membranes. For the cathode, Pt/C
can be substituted with NWlo alloys, which have been proven to be effective HER
catalysts in alkaline medfa.

However his work focuses on the OER under alkaline conditions, as illustrated by the
enlarged view of the anode catalyst layerFigure 3b. This schematic is based an
scanningelectronmicroscopyimage of a catalystoatedNi felt (Figure Al). The OER
occurs at a threphaseboundarywhere (I)OH ions are supplied by the ionically
conductive electrolyte or ionomer binder, @lectrons are transferred through the
catalyst layer and (Ill) the oxygen is eviolg. By this multistep, fouelectron process
with sluggish kinetics, the OER represents the principal sourcg iof AEMWE.
Furthermore, the interface between the electrocatalyst and the ionomer binder is critical
for AEMWE stability, because the combination of high pH and oxidgpeential
promotes oxidation of the ionomerthtese interfacg a degradation effect that is even
more pronounced at neutral gH.

Toconcludethe AEMWE is a promising technology to meet the modegairements
of WE under fluctuatingloads from renewable energMevertheless, keghallenges
remain, includingonomer stability anthe development akliable electrocatalyst$his
thesis addresses these challenges by advancing the understandingasedNiOER
electrocatalysts in alkaline media.

2.2  Electrocatalysis of the OER in alkaline media

The OERwas already described ascatical factor in the deployment AEMWE
above lts significance for the AEMWE results from thaggh overpotentias of the OER
andfrom the opportunity to replace scarpegciousmetalcatalyss with earthabundant
transition metaktatalysts There is consensus in the literature, that the OER in alkaline

mediaproceeds via four-electronfour-protonelectrocatalytigpathway® 28 According
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2.2 Electrocatalysis of the OER in alkaline media

to the Sabatier principlethe catalyst must binthe reaction intermediateithertoo

strondy nor too wealky, to achieve optimal catalytic activiéf

Adsorbate evolution mechanism

/
OH:-

H,0 + e\

+ 0,

OH

¢ O0—Ni—O_OH

Z

Figure4: Schematic of the adsorbate evolution mechanism for the example of a NiO catalyst.
Electrolyte oxygen is highlighted in blue whereas lattice oxygen is highlighted in yellow. Adapted

from Grimaud et at’

Two mechanisms have been proposed to describe the OER on tramstadroxides

In the adsorbatesvolution mechanism(Figure4), oxygen atoms are introducéttough

adsorption of OHonto themetalactivesites Subsequendeprotonatiorproduces anmxo

speciesfollowed byO-O bond formatiorue to reaction with aadditional OHfrom the

electrolyte.Finally, Oz is released through anoth@eprotonationandthe activesite is

regenerated’

Lattice oxygen mechanism

2 0H
Nl
. +2¢
N N N \N
i i 1 1
/
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Figure 5. Schematic of the lattice oxygen mechanism for the example of a NiO catalyst.
Electrolyte oxygen is highlighted in blue whereas lattice oxygen is highlighted in brown. Adapted

from Grimaud et af’

The secondproposedpathwayis the httice oxygen mechanisiffrigure 5), which

involves thedirect participation of oxygen atoms from the catalgstice®” In this

mechanismiwo neighboring lattice hydroxide groups angially deprotonatedafter

which an GO bondforms betweenthe latticeoxygenspecies These oxygens areeth

releasedis Q accompanied bghargetransfer from the catalystheresultingvacancies
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Chapter 2: Fundamentals

in the latticeundergofollow up adsorption of OHions, therebyrestarting the catalytic
cycle?’

A recent study of electrodeposited Nikély reporteda modified lattice oxygen
mechanism providing spectroscopic evidence thhittice oxygen participates in the
reaction,an aspect not accounted for in the classicisorbate evolution mechanism
Thus,a partial lattice oxygen mechanism was suggesteltatingthat lattice oxygen is
not inert butctively involvedn redox processes duritiie OER *°However the detailed
reaction pathway remairdfficult to resolveandmay varydepending on theature of
theactive catalytic se.

Identifying theactive catalytic sitein OER is a keyhallengeelectrocatalgis, as the
surfacestructureof catalyst materialstrongly depends oreaction conditions such as
temperaturepH and the applied potentiaConsequentlythe material employedin
AEMWE electrodesprior to electrochemical treatmerdre often referred to as
pre-catalysts, reflecting surface transformation that will occur under OER condifions
The followingsections first introduce varioyse-catalystanaterials that are considered
for OERapplicationsBuilding on this the surface reconstruction of pmatalyss under

OER conditionss discussed.

2.2.1 Electrocatalysts for the OER in alkaline media

Over the past decadeswade rangeof materialshas beeninvestigatedfor water
electrolysisand particularlyfor the OER Already in 1947 Hickling and Hill studied
variety of electrodepositeglectrode materialscludingAg, Pt, Pd, Pb, Cd, Fe, Co, Ni,
and Cu films for the OER® They reported substantidifferences in theverpotential
requiredto reacha current density of A cm?, with the lowestoverpotentialvalue of
0.61 Vobservedor Co*° Today, studies onatalystthin films or powdes aretypically
complimented bgtructural characterizatippnabling the derivation structureproperty
relationships®

The first material classonsidered heris thefamily of rock salt metal oxidesamong
which CoO and NiO ardérequentlyinvestigatedor OER applicationsThe compounds
are present in facecentered cubic structurevith metal cations alternating with anions
in the lattice. In NiO, & anionsalternated with Ni" caions Figure6a). NiO isnotable
for its morphologicaflexibility , that allows thesynthesiof materials withwell-defined
crystallographic facet¥' %3 In this work, the tuneability of NiO i®xploitedto prepare

NiO(111), rock salt NiO withpredominant exposure of th@11) via wet chemical
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2.2 Electrocatalysis of the OER in alkaline media

synthesis of nanosheefd*?Rocksalt oxides &o enablenixing different transition metal
oxides toenhancehe OER activity>** However, mixing of transition metal oxides will
be discussed ishapter2.3.2 more detailed In this thesis the welldefined surfacef
NiO(111) is used as a model system fiomdamental studiecombining spectroscopic
and electrochemical techniques to investigate the effects of transigtal doping and
surface reconstruction on the OER activity.

a) o

Figure 6: Crystalstructurs importantfor OER catalysisa) Rock salt NiO, b) layered double
hydroxideb-Ni(OH). ¢) Spinel MgAbO4 and d) Perovskite CaTire drawn with Vest&® The
structures were drawn froorystallography open data base entries 1010093, 1011134, 9010260
and 1567490°

The next material class discussethis layered double hydroxide (LDH) structure
The LDH areconsidered thermodynamically stable ptsagENi in alkaline electrolyte
and ofterform spontaneously on the surface after immersion of thegaysts'’“8For
Ni-basedsystems, the LDhasecanoccurasb-Ni(OH)2 (Figure6a), astackedstructure
adopting thebrucitetype lattice ofMg(OH)..84° In this structure,edgesharing MQ
octaheda form two-dimensional layerswith the compositionNi?*(OH),, partially
substituted by N cations introducing positive charg@he U-Ni(OH) has similar layer
arrangementout contains intercalatedvater moleculesbetween the sheet®.Upon
oxidation, b-Ni(OH), and U-Ni(OH). yield b-NiOOH anda-NiOOH, respectively The

Ni®*OOH alsoadoptsa brucitelike structure butontainonefewer protonper Nianda
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Chapter 2: Fundamentals

higher oxidation statéNi®*).>° Dependingon the electrochemical treatmentsynthetic
route mixtures of hydroxideand oxyhydroxide phases are typically obtaiffet

Spinel oxidesrepresenanotheimportantclassof OER catalystsThe generalormula
of spinel oxides isAB204, derived from theMgAlO4 structurejn which A%* cations
occupy thetetrahedrakites and B cations occupy octahedrsites(Figure 6¢).2° The
spinel lattice readilyncorporates different cations in either sa#owing tuning ofredox
properties consequentlyenhancing activity and stability towattie OER3® Among
spinel oxides Cos04 and the NiFgOs are extensively investigated for oxygen evolution
catalysis>®:°2:3

Another material classtudied for OER applications aPerovskites whichadopt the
generalthe formula ABQ, derived from the€aTiOs structure, in whichalkalineearth
metalsoccupy theA-site and transition metalsccupy theB-site (Figure 6d).>* Former
studiesaimed tooptimizethe catalyst by tuning the occupancy gih®lecular orbitals
and increasinghe oxygen stoichiometratthe B-site to enhance the OE&ttivity of the
catalystsUsing thisapproach, Bas Sto.s Coo.s Fen.2 Oz wasreported to exhibiintrinsic
OER activitiesexceeding those dienchmark IrQ catalysts® However, subsequent
investigations revealdthatsuch perovskites undergarface transformatiomnderOER
conditions, formingCo(Fe)QHy species that serve as the actual active ptfase

Beyond the crystalline phases discussed above, amorphous transition metal oxides
have also been reported to exhibit promising OER activifiewever, their structural
disorder complicated understanding of the surface phenomena. Furthermore, precious
metal oxides such as Ix@nd RuQ are among the most efficient OER catalydtsit the
present work focuses primarily on nprecious transitiormetal systems.

Unifying all the aspects of the material classes discussed is the surface reconstruction
those precatalysts undergo once immersed in electrolyteagpliedto anodic potentials.

These transformations strongly influence the formation of the catalytically active phase.

2.2.2 Surface reconstruction of Ni-based OER catalysts

The following section presentthe surface phenomenaccurring on Ni-based
electrods after immersing in alkaline electrolyte and throughout the OER
electrocatalysisThe discussion ishasedon the duplex layeproposed byBurke and
06 S u I*1 whicla describes mefakide/electrolyte interfaces on meta@riginally

developed fotr electrodsin acidicmedia, the modalonsists of three layerie metallic
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2.2 Electrocatalysis of the OER in alkaline media

bulk, a anhydrous (compact) oxidayer and a hydrous oxid&ayer*’ Key processes
transferred to than-situ reconstructiorof NiO areillustratedin Figure?7.

The first processs the Ni(OH)2 formation on thecatalyst surfaceThis hydroxide
may alreadybe partially formeddue toadventitious humidityor because oélispersion
during thepreparationNi(OH): is alsothe thermodynamically stable form M§f at open
circuit potentialand atpH values abov6.>® Considering the Pourbaix diagram of Ni, at
a pH of 14 and potential below tlER, Ni(OH) and Ni(OH} are thermodynamically
favored®® For this reasorit is suggested tallow the electrode to equilibrate in the
electrolytebefore the stairig electrochemical measuremetits

When the potential is raised above ~1.6 V vs. RHE, OER conditions are relached.
Ni-based catalyst, thredox transition from Ni''(OH), towards Nf' OOH begins afl.35
V vs. RHE®Y%2 This oxidationoccursat surface siteshat are electronically accessible.
Thus the oxidation state magliffer from anticipated N and NI' states of the redox
transitionand candepend oroxygenstoichiometry andreatmentof the precatalyst®®
Consequentlyoperando techniquese essentidb study the oxidation state of ldased
catalystgduring electrochemical operatioh

Studies usingX-ray absorption spectroscogyXAS) and surface enhancdgaman
spectroscopy studies hagaown some Ni centers can exceed thé statereaching
average oxidation state$ +3.7 and identifying NV species (NYOO).6354 The extent
and rate of surface reconstruction also depend on the w&furecatalystand activation
protocols(e.g.Ni(OH)2, NiS > NiO > Ni)5®

Similar surface reconstructionasalso beembserved for other oxides, such@G®0s,
where the reversibility of thesurface reconstructionunder OER conditions
exceptionaP?®®

Another process rigorously investigated forbdised catalysts is tligssolution with
subsequentkdepositionof cationsduring the OER, forming a dynamically stable surface
layer.” This phenomenois discussed in detail inf@pter2.3.3
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NiZ* NiO | hydroxide redox
02 pre-catalyst | formation transitions
OH" \l/' Ni'(OH),

immersion into
electrolyte

Figure 7. Schematic representation of reconstruction processes for the example of a NiO pre
catalyst at anodic conditions. Modified from He et°al.

Finally, thesurfacereconstructiormay alsodepend on the electrolyte composition,
including parameters such g and thecontaining cationge.g. K*, Na', Li*).3%:67.68
However reported trends remainconsistentas different studiesdescribe contrasting
effect of alkali-metal cationsn the apparenOER activity *® This variability indicates
thatelectrolyte composition is not a crucial factBatherparametersuch aghe choice
of pre-catalyst and deposition of fi®@m the electrolytelikely play a more dominant role
onthe surface reconstruction and the effect on the OER activity.

To concludethis chapter outlined the main reconstruction phenomena using NiO
based preatalysts as aexampleIn particular thelink betweersurfaceransformations
andcatalyst activity isentral®® Equally important arésights into how théormation of
electrocatalytically active phasan be promote For advancing thisinderstanding of
the surface reconstructipmperandg in-situ and exsitu techniquesare essentiaf
Building on these insights, the next sectrati focus oncurrentstrategiegor improving
Ni-based electrocatalysts fibre OER.
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2.3  Strategies to improve the OER performance of Ni-based pre-
catalysts

Building on the preceding discussion of OER electrocatalysis, the following chapter
introduces strategies to enhance the activity eb&ied precatalysts in alkaline media.
In experiments, the apparent activity refers to the measured current (tygeathetric
current densityjgegat a givend) and reflects both the number of accessible active sites
and the intrinsic activity of the accessible sfte€One route to higher apparent activity
is to increase the population of accessible sites, by raising the catalyst loading or
maximizing the specific surface ar€ad complementary route is to improve the intrinsic
activity of individual sites through controlled faceting, compositional tuning, or electronic
modification/® Moreover, strategies that primarily increase the number of active sites
may be limited by mas®r chargetransport constraints.

Thus, the next sections examine the influence of faceting, the implementation of
transitionmetal mixing, and than-situincorporation of transitiometal cations from the

electrolyte Strategies primarily for improving the intrinsic activity of OER catalysts.

2.3.1 Faceted transition metal oxides as pre-catalysts

The first approach to imprevunderstanding oNi-based OER electrocatalysts is
through surface faceting. Faceted surfaces can be obtained either by preferetitiiad thin
growth, for example by pulsed laser depositibar by wetchemical routes employing
structuredirecting agenté! Because the chemical and electronic properties of transition
metal oxides depend strongly on surface atom arrangements, facet control offers a
promising tool to tune activity.

For instance, Fiingerlirg al "t investigated pulsethserdeposited LaNi@films with
(001), (110), and (111) orientations and demonstrated that the observed activity trends
correlate with the compatibility of the initial facet with the reconstructed NiOOH formed
under OER conditions.

The study by Poulain et ddemonstrated that the OER activity of reactively sputtered
NiO thin films as precatalystsstrongly depends orthe preferentiatrystal facet. The
OER activity trend was NiO(110)>NiO(111)>NiO(100), which was explained by a more
favorable formation ob-NiOOH phase whereas the other orientations fauiOOH.

I't thus demonstrates that facet degpendent

the activity of faceted transition metal oxides asqatalysts.
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For NiO, powdered material with the predomingffil) plane is available by
solvothermal(ST) synthesis Scanning electrochemical microscopy revealed that the
edges of NiO(111) nanosheets exhibit multifold higher OER activity than basal planes.

In NiO, the three most frequently studied facats (100), (110), and (1113 7° The
(100) plane is nonpolar, exposing equal numbers éf &id G '’* while the (110)
surface is also nonpolar but features alternating cation and aniod®Bwsontrast, the
(111) plane is polar, composed of alternating shigtelayers, and in NiO it is typically
oxygenterminated, creating an electrdoh surface’®’®Kim et al/’ showed that both
morphology and faceting impact OER activatyNiO, attributing higher performance of
(110)planedo greater surface concentrations of NTheir work further highlighted that
morphologyand facetingcan outweigh surface area, with hexagosteped particles
displaying enhanced activity due to increaset! ténsity.

BeyondST synthesis, moltesalt routes have been employed to obtain NiO particles
with various predominant facets, including (100) and (313 However, NiO(100)
prepared in this way exhibited lower OER activity compared to {@diéhted nanosheets
obtained via wethemical synthesi€ These results indicate that synthetic method and
morphology interact with complex surface processes such as reconstruction, making it
difficult to attribute activity solely to preatalyst faceting. Despite the challenges in
producing directly comparabledeted NiO materials, NiO(111) nanosheets provide a

well-defined model system for fundamental investigations in this thesis.

2.3.2 Mixed transition metal oxides to enhance Ni-based OER catalysts

The incorporation of different transition metals inteiagle precatalyst represents a
widely employed strategy to improve OER performance. Such mixing can optimize
catalyst characteristics, including adsorption energies, electrical conductivity, and
stability® These improvements could originate from changes in the electronic structure
of the catalyst due to mixing, which is strongly influenced by the oxidation states of the
metals and oxygen.

Two primary effects are typically considered to result from mixing of different catalyst
materials® One is the ligand effect, arising from charge transfer between neighboring
metal cations via shared oxygen anions, alter the surface electronic structure by adjusting
the electrordonating ability of the active sités he other is the strain effect, introduced
when the lattice parameters of the host and the dopant differ, influence orbital overlap

and thereby modify the electronic struct&i@ince these effects are difficult to isolate in
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practice, especially at low dopant levels, empirical screening of rmpetdl systems
remains the dominant approach.

Among the possible dopants, Fe has emerged as the most influentialand\NCoe
based host structuré$®®7® Bucci et at** demonstrated that solutimombustion
synthesized Nicbased catalysts exhibited optimal activity at 40% Fe incorporation,
whereas Co and Mn dopants provided only minor improvements. Their findings
suggested that the primary role of dopants is to enh&weceanversion affinity toward
the catalytically active NiOOH phaét.Similarly, ST synthesis in terbutanol has
enabled unusually high Fe incorporation (up to 20%) into bimetallic NiO nanoparticles,
again yielding marked activity improvemefts$!

Further approaches are the integration of multiple metals into one catalyst niaterial.
Zhai et aP? reported a multimetal perovskiteSr 1Lao.9«Con.sNios0s, that was designed
for pure water fed AEMWE.

Beyond intrinsic activity, electrical conductivity is a decisive factor for scaling
electrocatalysts from thifim tests to devicdevel AEMWE application§® While
NiFeOHy materials consistently achieve high performance in thleetrode
measurements, their relatively poor conductivity limits their competitiveness compared
to more conductive oxides in membraglectrode assembli€$ A way to mitigate the
poor conductivity of NiFe¢Hy is to incorporate Fe only on the active catalyst surface by

Fe from the electrolyte. This concept will be discussed in the following section.

2.3.3 In-situ incorporation of transition metals

One of the most established concepts Hb&Bed OER catalysis is the beneficial effect
of Fe incorporation from the electrolyte. Numerous studies have shown that even trace
Fe impurities in alkaline media dramatically enhance the apparent OER actity of
based electrodé8848° The conception ofn-situ incorporation is visualized for the
example of F& in-situ doping compared to the mixed synthesi&igures.

This concept has been extended beyond NiO and NiH)ore complex materials,
such as Nbased perovskites. For example, spiking' fi@o the electrolyte during OER
on LaNi®; and LaNiO4 pre-catalysts led to strong activity enhancements accompanied
by the formation of surface NiFeBy phase$® The combination of a metallically
conductive LaNiQ@ bulk with a reconstructed NiFeBy surface could be a promising
approach for largscale electrolysidn a related strategy, perovskites were designed to

combine both high intrinsic conductivity and beneficial surface reconstruction, as
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demonstrated for $ilao.9Ca.sNiosO3, which delivered competitive performance in
purewaterfed AEMWE cells®? The effect was attributed to Sr leaching, which triggered
reconstruction, and Co substitution, which stabilized the conductive bulk strfcture

A broader study by Mattinen and Schroéerl®® showed that a wide range of-Ni
based precursors, when exposed taértaining KOH and electrochemiaanditioning
transform into NiFe¢Hy. The transformation rate, however, depends strongly on the
choice of precatalyst. Consistently, Fe from electrolyte impurities deposits ontgHyiO
and drives the high OER activity observed in these systé#at the same time, Fe is
known to dissolve from electrodes at OER potentials, and in many cases redeposition
occurs, establishing a dynamic equilibrium betwekssolution and redeposition
Under controlled conditions, this results in dynamically stabilized active ‘sitass
concept is visualized iRigure 8, which visualizesa NiO fromthe mixed synthesis, in

which Fe is part of the bulkaterial, with the dissolution/redeposition mechanism.

Ni72+ mixed synthesis : dissolution/redeposition
o
OH I ? °
J Fe3+ Ir J
0°0 0 % 2 % g e % Py 9 2
) < )
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Figure 8: Schematic of the mixed synthesis and the dissolution/redeposition mechanism after
in-situ Fe** doping.

The extent of Fe uptake depends not only on theatayst composition but also on
experimental parameters such as Fe concentration in the electrolyte and the applied
current density. Interestingly, Fe incorporation also affects the kinetics of surface
reconstruction. l ncorporation of Fe into m.
slows down the transformation into NiOOH but still enhances apparent OER &tivity

Furthermore, the reconstruction and Fe uptake are highly sensitive to the
electrochemical protocol. Son et®alshowed that cyclic voltammetr§CV) induces a
greater degree of surface reconstruction and Fe incorporation compared to

chronopotentiometry for Ni, NiSe/FTO, and NiSe/Ni electrodes.
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To elucidate the influence of Fe to the NikeRQ in-situ XAS studies have
demonstrated that Fe plays a direct role in OER catdf/8isOER potentials, Fe centers
undergo a change in coordination that may stabilize critic@® ©ond formation steps.
This observation is consistent with earlier reports thateRginsin the +III oxidation
state during OER2®*yet provides a mechanistic explanation for how Fe contributes to
the catalytic process without further oxidation.

Current research directions aim to integraiesitu Fe incorporation with other
improvement strategies. Key factors include the selection of theapabyst, controlled
electrolyte spiking, optimization of surface reconstruction, and ensuring sufficient
electrical conductivity, all while maintaining systestability.

In this study, the F&in-situ doping is analyzed specially on its effect on the surface
reconstruction and the resulting OER activity of the aefined NiO(111) model

system.
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3 Keyechni que se cftaro c attuad iyetsi c

Electrocatalysts can be investigated from multiple complementary perspectives. This
chapter will introduce key techniques to characterize electrocatalysts electrochemically
and physically. Electrochemical methods are applied not only to determine catalytic
activity metrics but also to provide indirect insights into structural changes and dynamic
processes under reaction conditions.

Physical characterization, on the other hand, can be carried out at different stages of
testing: on pristine materials to establish the structural and morphological features of the
pre-catalyst, operando during OER operationjn-situ under controlled conditions
comparable to OER testing, aedsitu outside the electrochemical environment. €ke
situ characterization covers bgphistine analysisind analyseafter tested

The presented techniques will provide the foundation for investigatinguttiace
reconstructiorand aligning it with the activityof Ni-based electrocatalysts alkaline
OER conditions.

3.1 Electrochemical characterization techniques to study the OER

In the following, the electrochemical characterization techniques applied in this work
are introduced. The chapter begins with fundamental methods for probing catalytic
activity and mechanistic features, followed by techniques designed to more closaty mimi

applicationrelevant operating conditions.

3.1.1 Rotating disc electrode as characterization platform for OER

The RDE setup consists of a flat disc electrode embedded in an insulating shroud,
typically made of hydrophobipoly tetrafluoroethylenéFigure9a). When the electrode
is rotated, a weltefined hydrodynamic flow is generated, leading to uniform and
quantifiable mass transport under diffusionited conditions. As a result,
voltammograms with temporally stable diffusion layers can be rec8fddidtorically,
the first reports using the RDE technique focused on the oxygen reduction reaction
(ORR)®° The RDE concept was later extended by introducing a concentrishiaqmed
electrode surrounding the disc, enabling the detection of reaction products or
intermediates generated at the disc electrode. This configuration, known as the rotating
ringi disc eletrode (RRDE), allows product analysis at the ring with a geometry

dependent collection efficiené{)*
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For OER studies, electrocatalysts are typically eragt or otherwise deposited onto
the disc electrodgFigure 9a). Reported atalyst loadingsrange from 0.005 to
0.8mgcm?, with ~0.1 mg cn? being most common for RDE experimepit§®%20OER
catalysts are usually characterized in RDE mode by recording only the disc current, a
practice widely accepted given their high selectivity toward oxygen evolution. In contrast,
for reactions such as the ORR, Faradaic efficiencies can fall below’*ogwever,
certain catalysts have been shown to undergo dissolution under oxidative potéhtials
such cases, RRDE collector experiments provide valuable insight by distinguishing
between dissolved catalyst speciesm O.. For instance, in studies of LiM®j,
dissolved Mn species were detected at the ring by reduction at ~1.2 V vs. RHE, while O

reduction occurred at ~0.4 V vs. RHE

a) b)
PTFE shroud

bubble inhomogeneous
accumulation coating

| rotation axis

Figure9: Schematic representations obadtating disc electrode (RDE) Wit coating consisting
of catalyst particles and ionomé) Visualization ofcommon limitations for RDE measurements
of OER withthe examples of bubble accumulation and inhomogeneous coatings.

For reliable OER studies with the RDE setup, thin and uniform catalyst layers are
essential to ensure walkfined mass transpdt Conductive carbon supports are
sometimesemployed to improve conductivity during activity measurements, but their
susceptibility to corrosion introduces uncertair@pnsequently\QER characterization is
usually performed withoutarbon support® Despite its utility, the RDE technique has
several limitations. The most critical are reproducibility issues and bubble formation
during OER(Figure 9b).%°* Poor reproducibility is often linked to experimental esyor
particularly noruniform catalyst coatings on the disc electrtdd®oth, the bubble
accumulation and an inhomogeneous coating are represefigadiiadb.

Bubble accumulation is especially problematic at high current densities and during
statictesting. Oxygen bubbles tend to adhere to the catalyst surface, leading to increased
ohmic resistance and a loss of electrochemically active surfac& &eth micre and
nanobubbles may remain attached to the electrode surface, unaffected by electrode
rotation®® Their removal is hindered by buoyancy in conventional RDE geometries and

by the hydrophobicity of many catalyst materiZl€onsequently, gas bubble coverage
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introduces additional resistances during measurerieBtsategies to mitigate bubble
accumulation include horn sonication of the electréfyae inverted RDE configurations
that exploit bubble buoyan&jthough both approaches can be challenging in practice. A
further limitation for longterm stability testing is the corrosion of the glassy ca(kx)
substrate, which passivates under OER condifibns.

These challenges can be partially addressed by optimizing catalyst coatings and
referencing results against commercial benchmark catalysts to ensure reproducibility
across laboratories. Despite its limitations, the RDE remains an indispensable tool due to
its well-defined mass transport, low material requirements, and modest demands on
instrumentation. It is therefore widely used for initial catalyst screening and
benchmarking.

A typical RDE experiment combines several electrochemical techniques. First, the
ohmic resistance of the electrolyte is determined, usually by electrochemical impedance
spectroscopy (EIS). The electrode is then conditione@Wyor by holding a defined
potential/current density to activate the catalyst. Finally, catalytic activity is evaluated
using potentiodynamic, potentiostatic, or galvanostatic methods, as discussed in the
following sections.

In this thesis, the RDE was employed as a primary screening tool to compare the
activity of Ni-based catalysts under welkkfined massransport conditions, while
requiring only small amounts of material. The controlled hydrodynamics and
reproducibility of RDE data provided a reliable basis for evaluating trends in catalyst

activity before advancing to more applicati@ievant testing methods.

3.1.2 Electrochemical impedance spectroscopy of OER electrocatalysts
Electrochemical impedance spectroscopy (EIS) probes the freqdependent
response of an electrochemical system to a sinusoidal excitafepending on the
application, either a sinusoidal potential or current is applied under sitwdy
conditions such as opaircuit potential (OCP) or at a fixed bi&&The frequency is
swept over several orders of magnitude (mHz to MHZzjitierentiateprocesses with
varyingtime constant8’ The resulting impedance spectrum is commonly analyzed using
electricalequivalent circuit models consisting of resistors, capacitors, and inductors, or
more complex elements when requiPé@hereby, thechoice ofthe equivalent circuit

modelshouldalways be physically justified. EIS data are often presented in Nyquist plots,

with the real componeréNj (r esi st ance) pl otted against
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(reactance), or in Bode magnitude and phase plots, wher#)ag({l the phase angle are

plotted versus log(frequency). Examples of both are shiowigure10a.
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Figure 10: a) Representative EIS data in Nyquist (left) and Bode (right) formats. b) Equivalent
circuit of the Randles cell.

In electrocatalysis, EIS is commonly measured at OCP to extwabigh-frequency
resistance. This uncompensatesistance R,) arises from the electrolyte, electrical
connections, and internal electrode resistaftcBs is typically determined from the-x
axis interceptZNj, whjere 0) of t he Nlyagtheilosvest medsurdd, or
phase angle in the Bode pf8tMore accurate determination can be achieved by fitting
the data with an equivalent circuit model that reflects the specific electrochemical
configuration®® The most widely used model is the Randles @&tjure 10b), in which
Ruis represented by a resistor, the dodbleer capacitanceCpL) by a capacitor, and the
chargetransfer resistanceR{r) by a second resistét®’ In addition, the Warburg
impedanceZw) accounts for mass transport of redox species to the electrode Strface.

Beyond such fundamental characterization, advanced EIS studies have been used to
probe catalyst behavior under OER conditions. For example, Watzel&® grahosed
the estimaton ofthe electrochemically active surface area (ECSA) at OER potentials by
attributing ElSderived pseudo capacitance to surface adsorbates.ECSA is an
important measure to convert the apparent electrode activity to an intrinsic catalyst
activity. Therefore, the measurement of the ECSA is of interest in electrocatalysis
research.

In particularWatzele et af® proposedin equivalent circuit that includd®, Cor, R,
adsorption capacitanc€{gs), and adsorption resistand&dy. In contrast, Farhoosh et
al.®® showed that, for CoQthe dominant capacitance at OER bias comes from bulk redox
pseudo capacitance instead, enabling analysis of characteristic time constants such as the
potentiatdependent OER turnover frequeriéyAdditionally, transmission line models
have been employed to describe porelestrodes®

Together, these examples highlight the versatility of EIS as a diagnostic tool, extending

its role from simple resistance determination to mechanistic evaluation of OER catalysts.
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At the same time, the complexity of EIS data makes it prone to overinterpretation when
models lack a clear physical basla. this thesis, EIS was employed primarily to
determine thd, for reliable correctionvith the product of current ari®}, (iR) of activity

data.

3.1.3 Potentiodynamic and static electrochemical experiments for the
OER characterization

Potentiodynamic techniques such &V and linear sweep voltammetry (LSV) are
widely used to both condition electrocatalysts and determine their OER activity. In both
techniques, the electrode potential is swept at a defined scam)rdt8\{ applies toa
unidirectional sweep, whereas CV alternates between forward and reverse scans, thereby
probing both oxidation and reduction processes. CV is particularly valuable for assessing
the reversibility of redox transitions and for tracking changes acrossssiweeycles®!
An example ofa CV of a NiO electrode witthe signal for the characteristigi'/ Ni'"
redox coupleand theOER onset is shown iRigurella.

a) cyclic voltammetry| | P) galvanostatic
experiment

P

W

Time

Figure11l: Examples of RDE experiments conducted with a glassy carbon electrode coated with
NiO. a) Representa CV with the characteristic NNi"' redox signalb) Representation cd
galvanostatic experiment at OER conditioslowing deactivation likely induced from bubble
accumulation

Activation of Nibased catalysts is typically achieved dpnditioningin a potential
window around the N{OH)./ Ni""OOH transition Positivegoing sweepsvere reported
to promote the growth of active NiBly species, while negativgoing sweeps support
the reorganization of oxgation specie$-®"1%2This reconstruction increases the number
of oxidized sites and facilitates ion incorporation into the hydrous oxide layer, as
discussed in Chaptér2.2!

Conditioning protocolsvere reported to strongly influence the results for OER activity
characterization A comparative study Isashown that scan rate, potential window,

number of cycles, electrolyte concentration, and temperature are critical parameters
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influencing the OER activitt! Fast CV scans (>100 mV s
windows accelerate activation within short times (~30 min), whereas slow scans (10 mV
s T) are more effective Woveral GVieenditioningmb e r
generally induces stronger reconstruction than potentiostatic or galvanostatic
protocolst!#>8#7 Still, the optimal method depends on the-pagalyst: for instance,
NizoFeso alloys benefit from CV activation, while NiSe films have shown higher OER
activity after chronopotentiometry.

The OER activity is typically reported asd to reach a defined current density (e.g.,

10 mA cm?) or as the current densijtgbtained at a fixed potential (e.g., 1.55 V vs. RHE),
with iR-correction applied? In this thesis, usually thetwill be reported as OER metric,
acquired at §eo= 10 mAcm?if not otherwise stated.

For flat, lowporosity RDE films, normalization of current density to the geometric
electrode area is acceptable. In contrast, for -bigfacearea oxides, neither
physisorption nor ECSA methods provide fully reliable values because surface
reconstruction during operation alters the accessible surfac®secommon approach
to approximate th&ECSAIis to determine th€pL. This can be done either BIS or by
CV, exploiting the linear relationship between the capacitive charging cugeand the
3 (Equationg).104

ic=vCpL 7

In practice, multiple CVs are recorded at varymgh a narrow potential window
(typically #50 mV around the opetircuit potential, OCP}% where faradaic processes
are negligible and the current is assumed to arise solely from dayblechargingCp.
is then obtained from the slopeiefversuss.'®* Due to the nosideal behavior of catalyst
materials, allometric fit oiic vs. 3 with the Equatior® can be applied, where the exponent

Udescribes the deviation from ideality£ 1 corresponds to an ideal capacitof¥).
iC =V Cg L 8
Another metric for the ECSA is the integral of characteristic redox péaR$e

integral of the Ni(OH)./ Ni""OOH redox peak charge can be interpreted as an indication

of the presence of electrochemically accessible Ni centers and is thus a parameter related

to the surface aréd® While ECSAnormalizedmetrics can provide useful comparative
insights, bespractice guidelines emphasize the need to report multiple activity metrics
with appropriate statistical deviations, and to benchriegkcatalystagainst commercial

reference catalysts for transparent evaludtiaff197
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Static methods such as galvanostatic and potentiostatic measurements are
advantageous for activity determination because they minimize capacitive contributions
that complicatehe interpretatiorCV as an activity measurélowever, in RDE setups,
galvanostatic OER testing is hampered by bubble accumulatibith was already
discussed more detailed in Cha@®et.1 For the example irFigure 11b bubble
accumulation might explain the characteristic potential dnft the experimental noise
observed*% Some #ategies such as electrolyte sonicatiosan improve bubble
detachment and heat/mass transf8iut arerarely applicablefor catalyst screening.

In summary, potentiodynamic and static techniques provide complementary means of
conditioning and evaluating OER catalyst activities. The conditioning strategy should be
chosen according to the research objective, and activity should be reported usipg,mult
transparent metrics referenced against commercial benchmarks. At the same time,
limitations such as bubble accumulation, surface reconstruction, and normalization
challenges highlight the need to complement them with more applicgat®rant
methods For this reason, the§®DE based CV and galvanostatic holdsre employed
in this thesis as a first step to assess the activity-bblNed catalysté ater, an advanced

half-cell setup was implemented.

3.1.4 Half-cell approaches towards application conditions

Singlecell experiments provide a closer approximation to AEMWE stacks than RDE
testing,eventhoughthey lack certain complexities present at the stack level, such as heat
management, current distribution, and mass transport effa@tts half-cell approach
presented in this Chapter is designed to meet the conditions of an AEp@#ENted in
Chapter2.1 Theseconditions aréemperatures up to ~80 °C, current densities exceeding
1 A cmi?, and membranseparated reaction compartmemghile operation with pure
water feed is the ideal, stadéthe-art systems still commonly employ diluted KOH as
supporting electrolytét

To study electrocatalysts under conditions approaching those of-sglgfeEMWE,
modified halfcell setups have been developed. In -edl research, gas diffusion
electrodes are commonly uséat half-cell testing'® More recently, this strategy has
been extended to electrolysis by mimicking the porous transport electrodes (PTE) of
electrolysis cell$!® For PEMWE applications, temperatures of 60 °C, current densities
of 1.4A cm? and realistic catalyst layer architectuvesre realizedThis respective PTE
half-cell approach by GeuR et 'af is represented ifrigure 12a. The PTE haitell
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approaclcombine someadvantages of RDE and singlell testing. For instance, half

cell setups enable more precise potential control by decoupling the working electrode
from the counter electrode, while reducing the number of parameters that affect
performance compared singlecell testing'® They also require less complex and less
costly equipment than singtell experiments, which facilitates intboratory

comparability®®

a) [ Reference electrode b)
Electrolyte compartment
Reference compartment

Counter electrode
H,O / Arinlet — Arpurge  Luggin capillary
2 FI w field I I AE membrane

PTFE mask
PTL disk with Ni-foam

Au mesh

GDE base (PCTFE)

Gas inlet / outlet -
¢) =

-

H,O / Ar outlet
S

[Anodic reactant! [PTE | membranel [Electrolyte |
compartment assembly compartment

Figure12: Half-cell approaches that were reported in the literature. a) Represents a medium area
cell Reproduced from GeuR et'#lb) Represents the small geometric area flow cell and c) a
closeup of the electrode geometry. Reproduced from Bernet'at al.

Another advantage is the compatibility of hedfl setups with online product
characterization and with operandaresitumethods, as reported for studying Nike&
OER catalyst§® Importantly, they also allow reproduction of critical AEMWE operating
conditions. For these reasons, kadfl methods represent a promising intermediate step
for characterizing catalysts under conditions relevant to device operation.

Recent studies have already demonstrated the use efyp&thalfcells for OER in
acidic electrolytes and, more recently, in alkaline mé#i&? An example of a setup for
tests in alkaline media is depictedAigure12b. These works highlight the suitability of
half-cell approaches to bridge laboratory catalyst screening with dealmeant testing.

In this thesis, a PTBased haltell setup was employed to approximate AEMWE
operating conditions. This enabled charactgion of the investigated materials at high
current densities and elevated temperatures under realistic mass transport conditions,

particularly in the absence of a dedicated Ishogll test bench.
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3.2 Spectroscopic characterization of OER electrocatalysts

This chapter introduces the spectroscopic techniques applied to complement the
electrochemica¢xperimentsXAS is first discussed as a bakensitive method to probe
oxidation states and local coordination environments. Raman spectroscopy, employed as
the onlyin-situ technique available in this work, provides vibrational signals of surface
phases, also under electrochemical conditions. FinallgyXhotoelectron spectroscopy
(XPS) is presented as a surfaamnsitive tool to analyze chemical compositemd
electronic states. For XAS and XPS, insights are drawn primarily fessitu
experiments, enabling structural and electronic characterization of therpmtepost
catalyst materials. Together, these spectroscopic methods provide complementary
perspectives that, when combined with electrochemical data, enable understanding of
how transitionmetaldoping and Fesurfaceincorporation influence the reconstruction

and activity ofthe modeNi-based OER catalysts.

3.2.1 XAS application for OER studies

In X-ray absorption spectroscopy (XAS), the absorption of -Biggrgy photons
excites cordevel electrons (e.g., from K or L shells), leaving a Héferhe principle
mechanisms happening during XAS are depictefignre13a. The resulting relaxation
processes generate secondary electrons, which can be detected either through transmitted
intensity, electron yield, or fluorescence yiéltiThe incident photon energy is tuned
using a monochromator, typically at a synchrotron source that provides high photon flux
across a wide energy rantéBecause of the high attenuation length efaXs, XAS is
considered a bulkensitive technique, though for highrfaceareamaterialsa large
fraction of the signal can originate from surface sites.

a) b) 3
© extracted EXAFS ‘
>
Backsscatterers gz ‘
@
- |M).\I*Cd‘:‘L‘ = . E . V]
H transition nergy [e
@®
é momentum space,
g pl’C-CdgC N Fourrier transformation
transition 3d o M-M'
E——— %5
— E § M-O
_ 2p “
_| Is Reduced Distance [A]

Intensity [a.u.]
Figurel3: a) Schematic representation of theay absorption process and the resultingguige

and postedge signalsFor visualization, the energy scale is aligned with the diagtgm.
Visualization of the EXAFS process, spectra extraction and signal representation.
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XAS spectra are divided into two main regions: thea} absorption neszdge
structure (XANES) and the extendedray absorption fine structure (EXAFSY. The
XANES region includes the predge and edge features, which are sensitive to oxidation
state and coordination environment. The absorption edge typically shifts to higher
energies with increasing oxidation state, though bond lengths and local caondaisd
influence the edge position, requiring comparisosuitablereference compounds?

The EXAFS region arises from the interference of the ejected photoekegtitin
backscattered waves from neighboring atoRigure13b). Fourier transformation of the
EXAFS oscillations yields radial distribution information, from which interatomic
distances and coordination numbers can be extracted by fitting against structural
modelst? In transitionmetal oxides, strong EXAFS peaks are typically observed at the
metal oxygen (M O) and nearesteighbor metalmetal (M M9 distances®®

In this work, XAS is used to complement macroscopic electrochemical studies with
atomistic information on oxidation states and local coordinaessitu measurements
enable comparison of pristine and peldctrocatalysis samples, revealing irreversible
changes induced by electrochemical treatment, storage, or electrode prepdration.
Importantly, XAS is also applicable to amorphous phases, where conventional diffraction
methods fail, provided that the surface transformation is sufficiently thick or the surface
area is high.

In-situ and operandoXAS have greatly advanced the mechanistic understanding of
OER electrocatalysts by tracking dynamic oxidation state and coordination changes under
reaction conditions!* For instance, Mefford and Akbashev et&lemployed scanning
transmission Xray microscopy at the Co-édge to follow the oxidation of individuét
Co(OHY). particles from Cbto Cd". Similarly, in-situ XAS has also been applied to
NiFeOHy, where changes in Fe coordination at OER potentials were det&g4é&@.
These studies demonstrate how XAS can resolve oxidation states and local geometries
underrealistic catalyticconditions, highlighting its value for probing the active state of
mixed-metal catalysts.

In this thesisexsitu measurements at the Nié&dge are emphasized, with additional
Co, Mn, and Fe Kedge studies. While predge features were generally weak, thepost
edge and EXAFS regions provided characteristic fingerprints of the materials, allowing

the interpretatiomf irreversible structural changes after electrochemical operation.
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3.2.2 Raman experiments for OER electrocatalytic studies

Raman spectroscogyas become an important tool in electrocatalyst research, aided
by the development of versatile laser sources, highly sensitive detectors, and dedicated
in-situandoperandacells!!’ These advances have partially mitigated inherent limitations
of the technique, including the risk of sample damage under intense laser irradiation,
interference from fluorescence, and the intrinsically weak Raman scattering cross
sectiont’

The Raman effect arises from inelastic scattering of visible light, in which incident
photons excite an electronic state that relaxes into a higher (Sickibsring or lower
(anti-Stokesscattering vibrational state(Figure 14).11” The far more intense elastic
Rayleigh scattering is typically suppressed using a notch filter tuned to the excitation

wavelengtht’

a)  virtual b) Raman

states M M \N\/\T microscope
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Vibrational 2
energy states —§— 1
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Figure 14: a) Raman scattering processeduced by incident light (blue), emitting Raman
scattering (yellow)b) Example of a heterogenous sample of which multiple contents are probed.

The effective penetration depth depends strongly on the excitation wavelength, the
optical absorption of the material, and the instrumental configurtiti@ecause Raman
intensities depend on multiple experimental factors such as temperature, pressure,
electrolyte composition, and excitation wavelength, quantitative analysis is
challenging*!’

Nevertheless, the technique is highly valuable for qualitative insights. The surface
sensitivity can be dramatically enhanced using swéatenced Raman spectroscofy,
whereas conventiond&aman spectroscopy probes contributions from the surrounding
gas or liquid phase, the substrate, the catalyst surface, and the catalyst bulk. A
representative sample for this study is visualizeéigure 14b. Conventional Raman
experiments allowqualitative comparison of samplesider the same conditiorand
possibly comparisons of pristine samples to electrochemically treated sampites

For catalyst characterization, Raman spectroscopy is frequently applied to compare

pristine and electrochemically treated sampkessity, offering information on
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crystallinity and structural transformations. For exampleand b-Ni(OH), phases can
be distinguished by their characteristic baffh,while two-magnon peaks in NiO
intensify with increasing annealing temperature, reflecting changes in crystafitnity
Beyondexsitu studies,in-situ and operando Raman spectroscopy provide dynamic
insights into catalytic processes. For instangesitu Raman has enabled direct
observation 05-NiOOH formation during OER in NiFe mixed catalysts, with Fe content
influencing the relative-NiOOH peak intensitie¥’°More advanceih-situ SERS studies
on welldefined NiO thin films have even provided evidence for transient-vaggnt
species such as NOO' as potential active intermediafs
In this thesis, Raman spectroscopy was primarily apphesitu to pristine samples to
assess the crystallinity of Miased catalysts. In selected casgesjtu Raman was used to
monitor the formation of oxyhydroxide species under OER conditions, providing

complementary insights into the surface reconstruction of the catalysts.

3.2.3 XPS for surface-sensitive investigations of OER catalysts

XPS is a surfacsensitive technique that probes material depths of up to ~28'nm.
This makes it highly valuable in electrocatalysis, as catalytic reactions are confined to the
interfaces between catalyst and react&ithe fundamental process of XPS is depicted
in Figure 15a. XPSis based on the photoelectric effeathich describes thaX-ray
photons excite electrons from atomic core levels, ejecting them with kinetic éhetgy
The measured kinetic energy relates to the binding ergsg@ccording to Equatiod
includingt he P11 an kb ghe photanswaeelerngtlv and the spectrometer
constanfi.'?

Eg= N- E-l 9

Lab-basedXPS typically uses Xay tubes with Mg or Al KJsources due to their sharp
emission lines Synchrotron radiationon the other handprovides higher intensity,
tunable photon energies, and superior resolution.-&ih coupling further splits p, d,
and f orbitals into doublets, produciragcharacteristic spectral fine structure. The
resulting peak intensities depend on atomic sensitivity factors and the inelastic mean free

path of electrons, allowing quantitative determination of surface compaosition

40



Chapter 3: Key techniques for electrocatalytic studies
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Figure 15: a) lllustration of theprinciple of XPS with emission of a photoelectron byray
radiation. b) Schematic of a heterogenous sample representative of a coated Rotating Disc
Electrode.

A practical challenge in XPS is surfadearging becauggositive chargaccumulates
when electrons are emittéehding to peak shifts. Charge compensateg.(byelectron
flood gun) is usually applied, but energy calibration is still requ#&fihe most common
reference is the adventitious C 1s peak at 284.8 eV, though this assignment is
debated?>123Figure 15b illustrates a heterogenous sample, which is representative for
coated RDE discs tested in this thesmsheterogeneous samples containing catalyst,
substrateand ionomer binder, differential charging can complicéi@rge referencing
and thus the interpretation of binding energy shifts.

For electrocatalysts, the O 1s and transitisetal 2p regions are particularly
informative. Therefore, Biesinger et &*!2°provided several reference studies for the
interpretation oftransitionmetal XPS spectraFor Ni-based systems, the following
binding energies are of interest.

For theO 1sspectra, lattice oxygen is expectatl~529%V, while higher binding
energy components (~531 eV) are attributed to hydroxyl species, oxygetefess, or
adsorbed watér® The ratio between oxideand hydroxiderelated signals can reveal
irreversible transformations, such as conversion of oxides into hydroxides during
electrochemical operatidii.Moreover, higher valent oxyhydroxides can be observed
after electrochemical oxidation of Ni(OH)ims by additional O 1s signals, but undergo
partial decomposition into hydroxides after storéige.

For the Ni 2ps/2 spectra additional signals at ~85856 eV in the region distinguish
between NiO, Ni(OH) and oxidized NiOOH phasé&€:'?> Multiplet splitting and
satellite structures further support species identification, though quantitative
deconvolution requires careful fitting.

Similar challenges arise for XPS spectra of Co, Mnd Fe materials, where

interpretation is complicated by multiple oxidation states and overlapping spectral
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featuresAmong them, Mn exhibits one of the most complex 2p spectra due to its many
stable oxidation stateReliable deconvolution therefore requires sufficient signal quality.
Surface Mn oxidation states can be estimated from the binding energy of the most
dominant peakranging from metallic Mn at 638.6 eV to KMnQat 645.5 e\t
Furthermore, the MnO can be identified by a characteristic siyaleatellite at 645.9
e\/_125

For Co,partial decomposition o€00 into CaOs was reported® While the 2p;
peaks often overlap, the distinct satellite structures can be considered for differentiating
Cd" and Cd' specied?® Accurateinterpretation therefore benefits from combining XPS
with complementary techniques such as XAS and Raman spectroscopy.

The situation is even more demanding for Fe, where numerousspiigt¢'" and
Fe'll (e.g.FeO, FeOs, FeOOH, Fe04) specieproduce strongly overlapping 2p spectra,
making precise assignments from XPS alone diffitilt

In this thesis, XPS was appliegsituto investigate the surface chemistry of,NGo-,
Mn-, and Febased OER catalyst§he analysis focused primarily on the Ni 2p and O 1s
regions to trace irreversible changes after electrochemical operation, such as hydroxide
formation and oxidation. By correlating these surface insights with-dmrikitive
methods, this thesis elucidateswy surface chemistry and oxidatistate evolution relate
to the activity of Nibased electrocatalysts under OER conditions.
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4 Experindentaahée&ol s

4.1 Catalyst synthesis

4.1.1 Solvothermal synthesis of U-Ni(OH)2

The ST synthesis was conducted by Dr. Elliot Brim at the Colorado School of Mines,
Golden, Colorado and by Konstantin Rucker during a research stay at the Colorado
School of Mines.

UNi(OH)2 nanosheets were prepared viaST process followed by pseudo
supercritical solvent removal, as previously repofteBriefly, Ni(NO3)2-6H-0, urea,
and benzyl alcohol (molar ratio 2:1:4) were dissolved in 50 mL methanol and stirred for
1 h before transfer to a 600 mL autoclave (Parr Instrument Company, USA) . After a 1
min Ar purge, the vessel was pressurized to 9 bar, heated to 265 °G (dgupseudo
supercritical point of methanol), and held for 90 min. Subsequent release of methanol
vapor yielded the gred:Ni(OH). precursor powder.

4.1.2 Microwave-assisted synthesis of U-Ni(OH)2

TheMW-assisted synthesis was conducted by Dr. Dereje Hailu Taffa at thedbarl
Ossietzky University of Oldenburg.

U-Ni(OH)2 nanosheets were synthesized using a modifiéd-assistedST method*

First, 0.30 mmol Ni(N@)2-6H20 (1.75 g) was dissolved in 20L methanol to form a
light-green solution. Urea (0.15 mmol, 0.18 g) was added and stirred for 10 min, followed
by benzyl alcohol (0.60 mmol, 1.23 g). The mixture was transferred to a 3Bkhglass

vial and heated to 14 for 30 min under stirring in a Discover 3PN synthesizer

(CEM Corp., USA), reaching a pressure ofi 1D bar. After air cooling to room
temperature, the product was washed repeatedly with methanol and was dried overnight
at 60 °C under 250 mbar vacuum.

For the preparation afopedtransition metal hydroxides, Miand Cedoped samples
were prepared by adding the desired molar ratios of Mn or Co nitrates to the Ni nitrate
precursor, keeping the total metal ion concentration at 0.3 mol. For-thepiey, the pH
neededo be adjusted between 345 by adding 0.1 M methanolic solution of NaOH.
This approach resulted in higher purityldRi(OH),. Furthermore, longaviW synthesis
time (180 min instead of 30 min) was used to allow the hydrolysis of more iadhe

hydroxide structure. Dopant levels are reported as mol % throughout this study.
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4.1.3 Thermal annealing to receive faceted NiO

The thermal annealing was conducted by Dr. Dereje Hailu Taffa at thev@arl
Ossietzky University of Oldenburg.

U-Ni(OH)2 wasthen calcined in a box furnace (Linn High Therm, Germany) for 3 h
with a heating/cooling rate of ~3 °C miino receive NiO(111) nanosheets. During the
calcination the color changed from black (low temperature) to dark gray5@00C)
and light gray (>600 °C). For the study of the synthesis conditions, annealing
temperatures between 300 and 8C0were used fostudying the synthesis conditions.
For the followup studies on transition metal doping, the calcination was conducted at
400 °C for 3 h.

4.2  Physical characterization of catalyst materials

4.2.1 Supplementary structural characterization

The supplementary structural characterization was conducted by Dr. Dereje Hailu
Taffa and for théransmissiorelectron microscopy (TEMpy Alexander Simon at the
Carlvon-Ossietzky University of Oldenburg.

Powder X-ray diffraction (PXRD) was used to evaluate crystallinity and phase
purity, employing an Empyrean Series 2 diffractometer (PANalytical, Netherlands) with
CukKUr adi ation (& = 0.154 ihdn)ge dmdtar yweawe rc od |
of 51 80°.

Nitrogen adsorptioni desorption isotherms were measured on a Tristar |l
(Micromeritics, USA) after degassing at 150 °C for 4 hegpared nanosheets were
degassed at 90 AC overnight to avoid calci
0.005 to 0.95BrunauerEmmettTeller (BET) surface areas werealculatedfrom the
isotherms.

Transmission electron microscopy (TEM)was performed on a JEOL 2100FS
operating at 200 kV; samples were ultrasonically dispersed in ethanol arcegtamto
copper grids. Elemental mapping of dopants was obtained by edisgprsive Xray
spectroscopy (EDS) using an Oxford AZTEC system withX-Max80 silicon drift
detector.

The bulk composition was analyzed byductively coupled plasma mass
spectrometry (ICP-MS) by Jana EwerDLR). About 2 mg of metal oxide was dissolved
overnight in 2 mL of concentrated HNO (Sup
with 2 wt % HNQ to a final volume of 50 mL. A scandium internal standard (1 mhg L
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1000 mg*stock in 2 % HNO , Carl Roth) was ad
prepared from Co, Mn, and Ni ICP solutions (1000 mdn.2 % HNQ) to yield 2G 750

ug L for Co and Mn and 2i®.0 mg L* for Ni. Measurements were performed on an

X-Series 2 ICRMS (Thermo Fisher Scientific GmbH), ensuring a calibration correlation
factor of O 0.999. Metal c o°Mn&Nit*Nig®Co,ons wer

Fe and Fe isotopes.

4.2.2 Raman spectroscopy

Raman spectra of the pristine NiO powder samples from chafiteere recorded on
a Senterra Raman microscope (Bruker) equipped with a 488 nm laser source at the DLR
Institute of Networked Energy Systems. The power was set to 10 mW with a spot size of
1 &em, e xUNg@H)2, whithewas measured at 5 mW avoid laseluced
calcination. The integration time was set to 20 s, and two coadditions were measured
between 0 and 2600 éin

Raman spectra were recorded using an RM5 Raman Microscope (Edinburgh
Instruments) with a 532 nm Nd:YAG lassrthe University of Groningeihehydroxide
samples were measured at 0.05 mW, whereas oxide samples were measured at 0.5 mW.
All measurements were performed with aibtegrationtime. The number of scans was
adjusted to achieve an adequate sigoadoise ratio. The pristine powder samples were
recorded as a compressed powder on a microscopic glass slide.

For in-situ experiments, the powder materials were dispersed irdigpersion
consisting of 4 mg of catalyst powder, and 995 uL of Isopropanol and 10 uL of Nafion
D-520 Dispersion (5 wt%)Thedispersiorwas drop casted onto a carbon gas diffusion
layer to receiveeompletecoverage. The coated gas diffusion layer was mounted into a
flow cell (GDE Raman ECFGgedoxme AB, Sweden) and electrochemically treated as
the RDE experiment§Table A8). After the standard RDE protocol, potential hold
experiments from 1.2 1.6 V vs. RHE were performed, to measure the polarized state of
the catalyst material. For Hein situ spiking of the electrolyte, the flow cell was
completelyrinsedthree times with 0.1 ppm Becontaining 0.1 M KOH electrolyte.

4.2.3 Synchrotron based X-ray absorption spectroscopy
XAS was performed at the KM€ beamline of the BESSY Il synchrotron (Helmheltz
Zentrum Berlin fur Materialien and Energie GmbH, Germany). Powder samples were
spread on Kapton tape to an effective absorption length of 1.6 and folded to a 1 cm? area.
Thin-film specimens were analyzed directly on ti&@ electrodes (see Electrochemical
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4.3 Electrochemical characterization

Measurements). Representative powders were examined as powder samples, as as
preparedhin-films and after electrochemical treatment.

Calibration experiments of reference samples and some other powder materials were
carried out in transmission modeigure A2a), utilizing an ionization chamber detector.

The reference metal foil of the particular edge (Ni, Co, Fe and Mn) was measured as a
reference in a second subsequent ionization chamber detector.

The thin film measurements were carried out in fluorescence mode with the sample
set at 45° to a silicon photodio¢leigure A2b). For this, theeference metal foils were
placed in front of an ionization chamber for simultaneous transmission detection. Energy
calibration used the first inflection points of the metal foils (8333 eV faK Ni112 eV
for FeK, 7709 for CéK, and 6539 eV for MK edge). Spectra were normalized by
subtracting a linear predge and dividing by a pestige polynomial fit for XANB
analysis. Edge positions were determined by thelfeaffht method to monitor oxidatien
state changes from doping and electrochemical conditidfirid’

EXAFS data were Fourier transformed over30 eV (3.089 . 72 | 1) wusing a
window. Ex-situ samples were received by stopping the corresponding electrochemical

experiment after the electrochemicahditioningand storing the GC discs under Argon.

4.2.4 X-ray photoelectron spectroscopy

XPS was used to determine surface composition and oxidation states with an
ESCALAB 250 Xi spectrometer (Thernfiasher Scientific, UK) equipped with a MgK
source (hV = 1253.6 eV). Higkresolution spectra of the Ni 2p, Fe 2p, O 1s, and C 1s
regions were recorded at a pass energy of 10 eV and 20 meV step size. The C 1s signal
from adventitious carbon at 284.8 eV served as the cltangection reference. Data
processingnd peak deconvolution, including O 1s and C 1s, were performed in Avantage
4.97 using an iterative Shirley (smart) backgrotiidEx-situ samples were received by
stopping the corresponding electrochemical experiment after the electrochemical

conditioningand storing the GC discs under Argon.
4.3 Electrochemical characterization

4.3.1 Preparation before rotating disc electrode testing
TheRDE tips were polished with 1 pum and 0.05 pum alumikticoPolish, Buehler),
rinsed for 3 min with ultrapure water, and sonicated for 2 min each in isopropanol and

dei oni zed water to remove residues, t hen dr
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Chapter 4: Experimental details and tools

The catalysidispersios (also known as inksyvere optimized for theeedsof the
materials tested throughout tligferent studies. For studying trsynthesis of pure
NiO(111), NiO(111)dispersios were prepared hyixing 4 mg of NiO(111) powder in
1.8 mL water, 0.2 mL-propanol, and 9 pL of 5 % Nafion solution (Nafion D520CS, lon
Power). The mixture was sonicated for 5 min with a titanium horn (Q500, QSONICA,
USA). The GC working electrodes (3 mm diameter, Metrohm) weaéed with 4 pL of
dispersiorwasdrop-cast on each electrode and spoated at 750 rpm for 30 min to yield
~0.1 mg cm | <cat-dkdyst | oading, then air

For characterization o€o and Mn doping Catalystdispersios were prepared by
dispersing 4 mg of metal oxide in 1.59 mL water, 0.40 mL isopropanol, and 9 pL of 5 wt
% Nafion D520 (SigmaAldrich). The suspension was hesonicated (Digital Sonifier
250, Branson) for 10 min at 25 W (10 s on / 5 s off) in an ide. 1#a8.8 L aliquot was
drop-cast onto the rotating RDE (100 rpm) and dried while spinning at 700 rpm, yielding
~0.1 mg cm ] <catalyst | oading. Exchangeabl
AFE6R1PTPK) fitted with SIGRADUR G discs (HTW, 5 + 0.05 mm) served as substrate.

For studying the Fe doping Catalystdispersios were prepared by dispersing 4 mg
of NiO powder in 995 pL isopropanol, hesonicated for 10 min at 25 W (10son/5s
off) in an ice bath, then mixed with 10 pL of 5 wt % Nafior§PR0). The suspension was
bath-sonicated for another 10 min, dropst omo the rotating RDE GC (5.61 mm
di ameter, Pine Research E7R9) at 100 rpm, a
catalyst loading.

All Electrochemical tests were performed in a custom singtapartmentpoly
tetrafluoroethyleneell with a graphite counter electrode and a Hg/HgO reference (ALS,
Japan) separated pplypropylenefrits, using 0.1 M KOH as electrolyte. The electrolyte
was purged with N for 30 min Dbyetfiesisot t he e
pure NiO(111), was done with KOH in analysis grade (85%, Sigma Aldrich), the
characterization oCo and Mn doping with KOH (suprapur 99.995% (metal basis),
Sigma Aldrich) andhe study ofthe Fe dopingwith purified KOH (EMSURE 85%,
MERCK). The purification was done according to Marquez ét%aby precipitating
Ni(OH)2 from Ni(NO3)2-6H20 and resting the 1 M KOH stock solution with the Ni(@H)
Between experiments, cross contamination was counteracted with sonicating the cell and
parts with 1 M HSQ, followed by three times sonication in Millipore water. The
reference was calibrated against a reversible hydrogen electrode (RHE) consisting of a Pt
di sk (AFE7R8PTPT, -s&uratee 0.1RVEKOEB.a r c h) i n H
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4.3 Electrochemical characterization

4.3.2 Electrochemical rotating disc electrode experiments
For studying theynthesis of pure NiO(111EIS from 1 Hz to 100 kHz (10 mV AC)
provided the electrolyte resistancBy) for post compensation was recorded i N

saturated electrolyte. This was followed @y. measurementp. was obtained from

CV in a nonfaradaic window (0.90L.15 Vvs.RHE) at scanratesof 500 mV s T . Fo
OER measurements, the solution was saturate
O . Initial OER activity was recorded by RD
Vvs.RHE at 10 mV s T. El e c301CY d/des between £.04t hen a
and 1.64 Ws.RHE at 100 mVv s T, followed by three
rpm) from 1.14t0 1.94¥s.RHE at 10 mV s T . Al measur eme

an Autolab PGSTAT12 potentiostat controlled by NOVA 2.1 software.

For characterization oCo and Mn doping Electrochemical measurementise
electrolyte was purged with N f odircuB 0O mi n
potential. The&Cprwa s me a s purgedlelectrolyteNb€V (51500 mV s T ) bet w
0.9 and 1.1 Ws.RHE. The current at 0.93 V from the negative sweep was plotted versus
scan rate (i30Qo 33 whtrelfaccountefor noideal capacitive behavior
(U= 1 for an ideal capacitor). FQERact i vity, the electrolyte w
min. Electrolyte resistancdr() was determined by EIS and used for fRlcorrection.

CVs were recorded at 2500 rpm from 1.0to 2%\RHE at 10 mV s T befo
conditioning. Conditioning consisted of 350
tested in triplicate with freshly prepared electrodes.

For the characterization tfe Fe dopinginitial CVs were recorded from 1.0 to 2.2 V
vs.RHE at 10 mV 3 to measure OER activity, reported asdfa 10 mA cn?. This was
followed by electrochemicalonditioningbetween 1.0 and 1.7 V vs. RHE for 50 CVs at
100 mA cn?. Activities were assessed befocenditioning after conditioning and
following a 1 h galvanostatic hold. For durability testing, one electrode of each material
underwent an additional 10 h galvanostatic hold prior to final characterization

4.3.3 Porous transport electrode half-cell experiments

The PTE setup was a modified commercial ftalf (Flexcell, Gaskatel, Germany).
The optimization of the PTE setup was realized in a master thesis by Nikhil Ki&&imi.
Also the practical lab work regarding the PTE preparation and electrochemical

experiments were performed by Nikhil Kadimi
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Chapter 4: Experimental details and tools

The dispersionfor the spray coating was preparedvigighing84 mg of respective
catalyst and dispersing it in 998 mg of deionized water. This was followed by horn
sonication for 10 min (10 seconds pulse on, 5 seconds pulse offarh@¥udg with a
Digital Sonifier 250 (Branson) and ice cooling. After heonication, 184 mg of FAS
ionomer solution (Fumion) was added to tbespersionwith simultaneous bath
sonication. This was followed by another haonication for 10 min. After addition of
780 mg isopropanol, a last hesonication step for 30 min was usetietlispersiorwas
freshly used. The PTE were obtained by spray coatingiipersiononto a Ni porous
transport layer (~0,2 mm thickness, ~80% porosity, Bekaert, Belgium). A spray gun (SRi
Pro spray gun, DeVilbiss) was used to coat the area underneath-paingl
polypropylene mask. The hand spraying process was doseaoyingthe substrate in
each preferential direction and with dry spraying in betweendiBpersiorwas prepared
with a safety factor of 3 to consider oxsgraying and catalyst predationto receive a
target loading of 3 mg cra

The electrochemical experiments were conductednmodified commercialhalf-cell
(Flexcell, Gaskatel, Germany). The setup is depictedrigure 49. Details on the
optimization of the setup can be found in the related mastertfi2#isiot otherwise
stated, the cell was operated with 1 M KOH at 60 °C and with a pump flow rate of 60 mL
mint. First, EIS was recorded at op@ircuit potential OCP to determine th®.
Measurements were performed for 5 min with a 10 mV amplitude over a frequency range
of 100 kHZ 10 Hz. This baseline value was used for all subsequent iR correatiGhs
The potentials o&ll CVs were compensated for the ohmic resistance with @86 R,
during the experiment and the remainingoSvere corrected in the data processirige
working electrode was electrochemicatlycled by 50 CV between 1.0 and 1.6 .
RHE at 100 aonditioningialineak $weep voltammogram from 1.0 to 1.59
V vs. RHE was recorded, and a second EIS spectrum was collected at ¥sSSRNE
(10 mV amplitude, 100 kHAO0 Hz). This potential lies within the oxygen evolution
regionand after the NIVNi'" oxidation.Catalytic activity was evaluated by CV between
1.0and 1.7 Vvs. RHE at 10 mV 3 for two cycles.An 1 h chronopotentiometry at a
current density of 50 mA ¢ This should reflect the short time durability and condition
the catalyst at a static conditidfllowing the durability test, galvanostatic EIS (GEIS)
was carried out at 50 mA cfiwith a 20 % current perturbation over 100 K#@0 Hz. A
second EIS spectrum at 1.59v8. RHE was then acquired, followed by a repeat of the

CV activity test (10 mV $, two cycles) to gauge changes in catalytic perfoiceal o
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4.4 Tools and software for data analysis

obtain a polarizatiorcurve stepwise chronopotentiometry was performed at current
densities of 1, 5, and 10 mA ¢nf60 s each); 25, 50, 75, 100, and 250 mA?dB0 s

each); and 500, 750, and 1000 mA (B s each). At each step, GEIS was recorded (20

% current amplitude, 100 k200 Hz). All potentiak were subsequently corrected for

100 % iR dropThe acquisition time was balanced between minimizing the ceHlupeat
during high current densities and reaching a stable potential resporfsal EIS
meaurement at 1.59 Vs. RHE and a third CV scan (10 mW,stwo cycles) completed

the testing sequence, enabling assessment of cumulative effects of prolonged

electrochemical stress on catalyst activity and interfacial stability.

4.4 Tools and software for data analysis

XAS experiments were analyzed with the BESSY 4.0 (workgroup Dau, Freie
Universitat Berlin) software suit¥PSdata were acquired and analyzed by aid of Thermo
Avantage (version 5.9925, Thermo Fisher Scientific). The Raman data were measured
and exported from Ramacle (Edinburgh Instruments Ltd.)

The electrochemical experiments and the protocol preparation was conducted with
Nova {ersion 2.1.62.1.8, Metrohm). The electrochemical data Wasorrected and the
overpotentials were extractegith a python script running on a Django framework
(Django Software Foundation) implemented by Marius Gollaschdasganalysis).

The large language model Meta Llama 3.3 70 B Instruct was run on Chat Al (version
v0.9.0, Gesellschaft fur wissenschaftliche Datenverarbeitung mbH Géttiagen)sed
to improve python codes artdxt syntax. Data representati@nd deconvolution of
Raman spectraasdonewith Origin (version 2025, OriginLab Corporation). Schematics
were drawn witHnkscape (version 1.4.2.).

Crystallographic structures were drawn with Vesta (Versidf 3).
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Chapter 5: Results and discussion

5 Resul tdi sachuds si on

The central focus of this thesis is the electrochemical characterization of NiO(111)
nanosheets, employed as a model system to investigate electrocatalytic activity and
surface reconstruction after electrochemical treatm@hapter5.1 first addresses the
synthesis of NiO(111) nanosheets under different conditions and their impact on material
properties. Building on this, the influence of transitmrtal incorporation (Co, Mn, and
Fe) into the Nibased host material is explor&hrticular attention is gen to Fe, which
was studied both as a bulk dopant andiniaitu incorporation from the electrolytén
addition, selected Feased catalysts were evaluated in a PTEdwlfsetup, enabling
characterization under conditions closely resembling those of the AEMAiR&Ily,
challenges in reproducibility encountered during electrochemical testing are compiled,

and recommendations are provided to guide futMperiments.

5.1 OER performance of NiO(111) nanosheets from varied synthesis
conditions
The Materials studied in this chapter were prepared in collaboration between the
DLR, the Colorado School of Mines (MINES) and the University of Oldenburg in the
labs of MINES byDr. Elliot Brim and in the UOL by Dr. Dereje Hailu Taffa. The
content of this chapter was published in ACS Appl. Mater. Interfdd®s. Dereje
Hailu Taffaperformed the MW synthesis, the thermal annealing, the PXRD, the XPS
and the electrochemical testing in this stulgnstantin Ruckeperformed Raman
spectroscopy, AFM imaging, the XAS analysis and assisted with the electrochemical
testing.Dr. Elliot Brim performed the ST synthesis and the HEM imaging.
For nickel oxides, performance is strongly fadependent; thifilm studies indicate
that (111) and especially (110) surfaces favor formation of catalytically active
oxyhydroxides and lowesverpotentiad.”">?However, most facéactivity insights come
from thin films on oriented substrates, which are not readily scalabfeScalable,
solutionbased syntheses are therefore crucial for fundamental studies and practical
deployment of facetontrolled NiO*:132
In this work, NiO(111) nanoshee#sere synthesized viafastMW-assistedouteand
compared t&T prepared analogues, followed by controlled annealing to tune structure
and morphology. The materials are then evaluated for OER, enabling assessment of how
synthesis route and annealing govern morphology, electrochemically active surface area,

and catalytt performance.
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5.1 OER performance of NiO(111) nanosheets from varied synthesis conditions

5.1.1 Structural characterization of the NiO(111) nanosheets

During synthesis,U-Ni(OH), formation was favored below pH 8, where urea
decomposition maintained alkalinity by releasingaNihich hydrolyzed to OHons that
reacted with Ni*.1*3 PXRD patterns oMW -synthesized samples at 140 (Figure 16a)
confirm the formation of highly crystalling-Ni(OH). (P31m, PDF 08038-0715),with
both crystallinity and yield increasing with synthesis tihA synthesis time of 30 min
at 140 °C was therefore optimized and selected as standard condifmmsannealing
at 300 600 °C for 3 hU-Ni(OH)2 converted into pure roekalt NiO (Fn8m,- PDF 98
0184918), with higher temperatures yielding sharper peaks indicative of increased
crystallinity and lattice contraction. For both synthesis methods, the relative intensity of
the (111) reflection increasedter annealingsuggesting th@referential growth othe
(111)plane(Figurel6b).
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Figure16: PXRD patterns of NiO(111) nanosheets heat treated at different temperatures: a) ST
prepared and b) MW prepared. Assignments correspond to PDE8I®18. Raman spectra of

the Ni(OH) samples and the annealed NiO(111) samples from c¢) ST synthesis and d) MW
synthesis. Reproduced from Taffa etZl.

Average crystallite sizewere calculated via the Scherrer equatiwom the (111)
reflection®** The MW samples exhibit sizes ranging from 4 to 49 nm, whereas ST
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Chapter 5: Results and discussion

samples range from 6 to 25 manged from #49 nm for MW samples and 85 nm for
ST samples Table Al). Across the investigated temperature range, ST samples
consistently displayed smaller crystallites than MW samples.

Raman spectroscopy provided complementary insiglhigure 16c and ¢. As-
preparedd-Ni(OH). showed only weak bands, consistent with its limited {camge
order.Upon conversion to NiGspectra displayed thdominant ongphonon transverse
optical (TO) modat20005 00 ¢ m T -phanordfeaturat7@@d 200 cm T, wi th
latter increasing in intensity at higher calcination temperafifés The twophonon
feature was also correlated to a two magnon mode, wiastbeen attributed to lattice
vibrations and correlated with crystallite groWtf3°The growth of this band therefore
corroborates thé®XRD results, confirming the increased crystallinity of keaated
samples.

Furthermore, nitrogen adsorptiatesorption isothermsF{gure A3) revealed that
NiO(111) nanosheets showed high surface areas at 300 °C (165 m?/g for MW, 149 m?/g
for ST), which decreased sharply at 600 °C due to coarsening. Pores were ~3 nm below
500 °C, with additional il8 nm mesopores at 400 °C. ST samples retained microporosity
upto 600 °C, while MW lost area faster.

The PXRD and Raman findings were further correlated with morphological trends
using HRTEM (Figurel7). At 300 °C, MW samples showed small, irregular pores (1.7
3.1 nm). Annealing at 400 °C produced wadifined hexagonal pores {115 nm wide,
20i 30 nm long) alongside smaller hexagonal holé$ (Bm). With further heating to
500°C, pores enlarged (180 nm wide, 2630 nm long) and began merging, while at
600 °C the nanosheet structure collapsed into {likeecrystals. In contrast, ST samples
developed heagonal pores from 400 °C onward, which remained stable at higher
temperatures. TEM also confirmed highly crystalline NiO nanosheets oriented along
(111), with lattice fringes of 0.243 nm (MW) and 0.240 nm (ST). These morphological
features, particularlyhie edges and corners of hexagonal pores with (001) orientation, are

expected to strongly influence OER activify
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5.1 OER performance of NiO(111) nanosheets from varied synthesis conditions

Figure 17. HR-TEM images (ad) for MW samples and (&) for ST samples showing the
formation of hexagonal pores on annealing of the samples. The measured lattice spacing suggests
the NiO(111)oriented nanosheets. Reproduced from Taffa ®t al.

To gain height information afingularnanosheet materials, n@ontactatomic force
microscopywas usedKigure A4). Samples annealed at 400 °C exhibited comparable
thicknesses of 12 nm (ST) and 14 nm (MW), confirmarggmilar nanosheet thickness

XPS was used to investigate the surface composition and oxidation statesaseNi
samples. Survey spectra showed Ni, O, and C as the dominant eléRriguts A5).

Residual nitrogen species from urea or nitrate precursors were present hptepaasd
hydroxides and at 300C°butwere largely removed in MW samples due to extensive
washing, while ST samples retained more N after supercritical drying.

The O 1s spectra of annealed samples revealed two main fé&igres A6b, d). The
lattice oxygen peak at 5285829.6 eV, was slightly shifting to lower binding energies
with increasing annealing temperature. A second pealb3i.q 531.4 eV attributed to
Nii OH groups or oxygen defects was obser#4 higherenergy component 8532.2
eV in asprepared samples indicated adsorbed waterOrgpecies.

The Ni 2p/2 binding energy(Figure A6a,c) shifted from 854.2 eV in hydroxides to
~853.3 eV after annealing at 600 AC, confi
with surface Ni | .8Fhe duifaee Nd® ratio mecnedsed svifhe c i e s
annealing (MW: 0.97Y0. 85; S-fich sufface&s mVYiree. 8 1) ,
with OH-terminated NiO(111) planéé’ Such oxygen enrichment may promote on
stoichiometry at the surface and partial'Normation, though precise quantification of

Ni'" is difficult due to strong satellite contributioh.
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XAS was employed to probe bulk oxidation state and coordination. Theedigk
XANES of MW- and STNiIO(111)500 pl aced the edge betweel
references, indicating an average Ni oxidation state of ~#adure A7a) EXAFS
analysis showed overlapping iND and Ni Ni peaks for both sample&ifure Arb),
confirming the absence of structural differences, consistentRMRD results.There is
no indicationof structural differences EXAFS, correlating with th®XRD results
To conclude the structural analysis of the MW and the ST samples, both exhibits nearly
identical electronic structures, differing mainly in morphology argkcreasingrystal
sizewith increasing annealing temperatufde following section willcontinue witha

comparative analysis of the OER activity of the various materials.

5.1.2 Electrochemical trends as a function of the synthesis conditions

OER activity was evaluated in alkaline media using a teleetrode RDE setup under
hydrodynamic conditions.The applied protocol is depicted ifable A2. The
electrochemical protocol was designed for screening of the electrode activities of the
catalyst materials.

The analysis of th€p. revealed a decreasdter conditioningof the electrocatalysts;
among activated samples, MNIO(111)500 and SINiO(111)500 showed the highest
Co. values, though these values should be treated cautiously f@ologuctivity NiO at
low annealing temperatures, where ohmic distortions can é€cur.

During activation, CVs exhibited the characteristi€/Ni"' redoxpeaksnear 1.40 V
vs. RHE followed by a steep current risef the OER onsef(Figure A8). The
electrochemicatonditioningwas observed to stabilizdter about 4 scans, consistent
with conversion of denseock salt NiO to more permeable, conductive Ni
oxy/hydroxide$™ In contrast, Ni(OH), showed relatively stable CVs during
activation(Figure A9). MW-NiO(111) displayed a narrower, more symmetric redox peak
than STNIO(111), likely reflecting differences in coating/contact or intrinsic
conductivity. The first scan was anodically shifted relative to subsequent scans for both
material typesand activatiorincreased theedox peak current and lowered the OER
onset Potential Fampurity effectswere consideredbut ICPi MS of the electrolyte
showedan absence of Fer a mntentb e | ow t h eL? OetedtiGnSlimiteYegt,
influences of Fe of the activity of Ni based systems are likely, but assumed to be

constant0-84129
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5.1 OER performance of NiO(111) nanosheets from varied synthesis conditions

Figure 18a and b show the third CV after electrochemicahditioning For all
activated samples, the'NNi"' redox transition is observed. A shift of the'/Ni'"' redox
signal of the hydroxide samples towards positive potensabserved. It was reported,
that both NiO(111) antl-Ni(OH), form o-NiOOH on their surfaces during the OER.
Thus, the electrochemically formed surface hydroxides on the NiO(111) nanosheets and
U-Ni(OH), are similar, and the difference in the CV behavior most probably relies on
different accessibility of formed Ni(OR)to the Ni'"/Ni"' redox transitionand the
electronic structure.

The integratedi"/Ni"" anodic charge decreased with annealing temperti(@H)
> 300 °C > 400 °C > 500 °C > 600 °C for both MW and 8iatchingBET area Figure
A3, Table Al). The integral of the redox peak charge can be interpreted as an indication
of the presence of more electrochemically accessible Ni centers and is thus a parameter

related to the surface area.
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Figure 18: iR-corrected cyclic voltammograms of &T-NiO(111) nanosheetand b) MW-
NiO(111) nanosheetannealed at different temperatures and measured at 10iv0s1 M
KOH solution. Correspondind comparison at 10 mA cfand 25 mA cn# for the of ¢) ST
NiO(111) nanosheets and d) MMWIO(111) nanosheetand deviations from the repetition
experimentsAdaptedfrom Taffa et af?

To compare the OER performance of the NiO(111) nanosheet electrodesatthe
10mA cm) (normalized to the GC disc area) f o]
(Figure 18c, d) was plotted. The begterforming samples were obtained at 400 °C for
MW-NiO(111) and 500 °C for SNiO(111). At these conditions, MWIO(111)
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requiredand of 414mV and STNiO(111) 405 mV to reach 10 mA ¢mThese values
are comparable to or slightly better than nanoparticulate NiO catalgptated
elswher?®>9However, loweoverpotentiad wherereported for NiO thin film$2 Notably,
the OER trend does not follaweBET surface areas: lotemperature samples with high
BET areas show poor activity, likely due to low crystallinity and residual organics
blocking active sites. Instead, optimal activity arises between 5000C, where
crystallinity and porosity are balanced. In this range, -defined hexagonal cavities
introduce additional edge sites, which have been shown to expose more active (100)
facets than the basal plaffe.

To connect the similar OER trends of M\Wnd STNiO(111) with their intrinsic
properties, we compared current densities at 6. RHE normalized by both geometric
area jgeg and BET areajger) (Figure 19). The jgeo values increased with annealing
temperature and peaked at 400 °C (MW) and 500 °C (ST), then declined at higher
temperatures. Overall, SNiO(111) exhibited highejgeo than MWENIO(111). Thejger
values of ST samples followed the same trengdeasvhereas MW samples continued to
increase above 400 °C, even as BET areas decreased. Since BET measures the total
surface area rather than the number of catalytically active sites, this suggests that higher
annealing temperatures can increase the expasunatrinsic activity of active sites
despite reduced surface area. Above 500 °C, coarsening and sinterindNi©o@1I1)
likely caused loss of active sites, while MMIO(111) retained improved intrinsic
activity up to >600 °C. Another explanation is that thensic activity per site increases
with crystallinity, as previously reported for &m,'*° consistent with the observed rise

in BET-normalized currents with increasing crystallite size.
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Figure 19: Comparison of geometricurrent densityjgeoc and BET area normalized current
densities against temperature: (c) MIO(111) and (d) SINiO(111) samplesAdapted from
Taffa et al*?
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5.1 OER performance of NiO(111) nanosheets from varied synthesis conditions

Furthermore EIS experiments wergerformed at 1.6 Ws. RHE to gain a more
comparative insight into charge trangfeenomenaKigure ALl). At 1.6 Vvs.RHE OER
onset occursThe data were fitted with the equivalent circuit model of Watzele %t al.
including Ry, CoL, Ret, Cads, andRags Due to the concerns of the interpretation of values
like the Cags Stated in Chapte3.1.2 the emphasis is put on the analysis ofRhe®.The
most active electrodes, MANiO(111)400 and SINiO(111)500, showed the loweBt
values Figure Al1c), suggesting that their enhanced OER actityldarises from more

efficient interfacial charge transfer.

5.1.3 Summary of the variation of NiO(111) synthesis conditions

Tosummarizeéhe electrochemicaharacterizationt revealed that both MWand ST
derived NiO(111) nanosheets exhibit competitive OER activity, with performance
strongly governed by annealing temperature. Optimal activity was achieved fer MW
NiO(111) annealed at 400 °@ € 414 mV) and SANiIO(111) annealed at 500 °C
(d=405mV). These electrodes combine hi@ia. and low R, suggesting efficient
interfacial kinetics While low-temperature samples with large BET areas showed poor
activity, higher annealmp temperatures improved crystallinity and intrinsic activity per
site, despitea reducedBET surface arealhe MW approach of MWNiO(111) showed
potential for further intrinsicactivity enhancement at >600 °C, albeit with loss of
geometric current density. The higher density of pores and exposed (001) edges in MW
samples may also contribute to activity. Overall, MW synthesis offers a rapid and
versatile route to faceted NiO(111) nanoskgeewith opportunities for further
optimization through doping or strweal modification to lower OERverpotentiad.

Accordingly, the synthesis conditions for the NiO(111) nanosheets in the subsequent
work were selected based on the findings of this chapter. The following chapters examine
how the incorporation of additional transition metals into the NiO(111) host itise

both the OER activity and the associated surface reconstruction.
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Chapter 5: Results and discussion

5.2 Theinfluences of Co/Mn doping on NiO(111) nanosheets
The Materialsstudied in this chaptewere prepared in collaboration between the

DLR and the UOL in the labs of the UOL by Dr. Dereje Hailu Taffa. Most of the

content of this chapter was previously published in the Journal of Physical Chemistry

C .10 Konstantin Riickeperformed the XPS analysis, the XAS analysis and the

electrochemical characterizationDr. Dereje Hailu Taffa performed the MW

synthesis, the PXRD, the BET analysis and theTHR analysis.

The synthesis waadapted from the previous chapter, but with additiomlagant
transition metajprecursor nitrate salt$lerein, doping is defined as a phase pure solid
solution of the dopant into the host materaifferent dopant transition metals were
tested such as Co, Mn and Fe. However, the Fe dopant formed separate phases at low
doping levels and deviated drastically from thiened doping levels. The wped
materials aréurther discussed from ChapteBonwards.

The initial physicatharacterizatiomwasaccordingo chaptel5.1 In the following, the
outcomes are briefly covereBXRD (Figure Al2a, b suggestd that the addition of
transition metals in the given doping levels lead to phase pure NiO nanosheets in the rock
salt structure. For the case of the Mn dopingheeagonal holeappear to be slightly
affected by the Mydoping(Figure AlL2c-e) which results in the increased apparent BET
surface areg§Table A5 1). For the case of the @toping no effect on the morphology
was evident because the TEM images andpbkeific surface area were close to the pure
NiO(111) sample. In contrast, the higher Co doping results in lower BET surface areas
and decreasing crystallite siz&®r electrochemistryvasis expected that surface areas
improve the electrocatalytic performance of metal oxide based OER electrocatdlgsts.

OER activity and electrochemical responses are studied in the following section.

5.2.1 Electrochemical trends as a function of the Co and Mn content

For the electrochemical analysis the cyclovoltammetry for conditioning of the
materials is compared in representative experimenisgire 20a. The conditioning is
expected to change the surface structure of the differentllliQp(precatalyst into an
OH/OOH functionalities as active phase for the ORBpresentativ€V from the £an
1 to 350 are shown for the different materials which repreéseatolvingNi"/Ni" redox
peals. The consecutive development of the'Ni"" oxidation and reduction peaks
represent the growth of the OH/OOH layer on the catalyst suifheepeak position of
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5.2 The influences of Co/Mn doping on NiO(111) nanosheets

the NiO(111) sample remains stable throughout the consecutive Sb@dicates a
steady hydroxide formation throughout ttenditioning

The shape and peak position of Ni&/Ni'"' redox peaks for th&8% and 10% Co doped
sample behavesimilar tothe pure NiO(111) materialhis was also observed for Co
spiked NiQHy and of Nispiked CoQHy films by Ou, Twight and Samanta et & The
absence of the G4Co" oxidation pealat about 1.1 Ws. RHE implies an incorporation
of the Co ions into the NiO lattice and with this a formation of a mixed
hydroxide/oxyhydroxide layerFurthermore, no theNi'"/Ni"' redox peak shift was
observed for Caloped NiQHy.

On the other handhé Mndoped materialexhibitdrastic shifts of th&li''/Ni"" redox
peakpositiors. Specificallythe first CVof the electrochemicalonditioningwas shifted
from 1.43 V vs. RHE of the pure NiO(111) to 1.6 V vs. RHE of the NiO(111)WM6%%0
sample. This was previously observed for the incorporation of Fe intgH)ifBost
material andvasexplained by electronic influences of the dopant ontadbtiik of the
catalystmaterial’®8 However, thefundamentabrigin of the peak shift remasnunder
debateé® This Ni'"/Ni"" oxidationpeak shift is onlyreportedfor the bulk incorporation
(e.g. via CV) of dopants into the material and ratdurface restrictettansition metal
incorporatiorf® Therefore, thehift of theNi"/Ni'"" oxidation peak igvidence for the Mn
to be incorporated into the NiO host structure initially.

However, after the first 100 cycles a splitting into eparat@xidation peaks at 1.43
and 1.52 V vs. RHE is observebthere was no additional reduction peak observed. The
absence of the second reduction peak indicates an irreversible reaction. This oxidation
peak splittingwvas previouslybservedand attributed to octahedral and tetrahedral metal
species in spinel type transition metdfs'4In this casave have a octahedral rock salt
NiO host structure, which makesntore likely that theadditionalsignals arise from
additional redox changes of the Mn species on the surface. It was observed that the Mn
oxidation towards Mn@ leads to leachingfrom LiMnO; electrode$®1#3 This possible
leachingprocesswill be further analyzed, after studying tiéference inpeak charges of
the samples after 350 CVs frdagure20a.

60



Chapter 5: Results and discussion

r——1—T1—T1—17 160

a) 10 Scan 1 'b)
0 Scan 350 d140 ”
120-Esb
10} _Q__‘
ll 5 I
£ {100 &
o O
=
E 0 80 =
T —5}5% Co. +10% Co ] oo B
=3 . {40 2
__éz. %
0 — 0 =

—Sp%eMn ) 1M ) | N— A

10 12 14 16 10 12 14 16 A S
E vs RHE [V] SOV

Figure20: a) Representative CV of thdeetrochemicatonditioningwith 350 C\s of 5% doped
samples and 10% doped samplgBar chart of the mass specifiti''/Ni'"' oxidation charggfor
representativeample of the 350th scansith 100 mV s' and susbrtacting the OER background
currents Adapted from Riicker et #°

The Ni'/Ni'" oxidation charges are plottedFigure20b. ThepureNiO(111) material
has aoxidation chargef about #9 C g?. After doping the NiO{11) with the transition
metals with 5% and 10%, the oxidation aeductioncurrentsdecrease drasticalljthe
oxidationcharge of the NiO(111)+5% Co is wi#® C g* unproportionally smaller than
the charge of the NiO(111) samplecAarge of about 95% of the pure NiO(111) sample
was expectedcalculatedrom the composition of the NiO(111)+5% Co samphestéad
an oxidation chargef about19% to the pristine NiO(111) sample was observiukese
observationsare qualitatively transferable to the 10%-@wped sample. For the case of
the Mn-doping, theoxidationcharge is reduced 8 C g* which is15% of the NiO(111)
sample.

The loweroxidation charge could be explained lsuppressemxidation towards
NiOOH. However, the reason for the suppressibrihe Ni'/Ni"' oxidation could be
electronically or structurally® Electronic suppression could stem froan lower
conductivity of the mixed oxide bulk materfdf. This was observed for the-plane
conductivity of Mnbased oxyhydroxides films in a previous studf?. Another factor for
suppression of the NiINi"' oxidation process could be structural incompatibitifythe
dopant tdform aNiOOH structure, formed after NNi"' oxidation.

For further analysis of thadditional peaks of the Msamplestheleaching of Mn in
the form of MnQ" was studiedby the aid of RRDE generatiarollection experiments
and ICP-MS measurement®f the electrolyte after the experimentShe RRDE

generatiorcollection experiments wegeviously described for a LiM@4 catalysts in
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5.2 The influences of Co/Mn doping on NiO(111) nanosheets

the potential window for the OER.Such @nerationcollection experimentsvere
performed with the corresponding protocol tife previous experimentand the
NiO(111)+10% Mnmaterialin N2 saturated electrolyte.
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Figure21: CVs of the WE1 disc current and the corresponding WE2 collector currents of the
Platinum ring with a ring potential at QWE2.4v) and 1.2 V vs. RHEWEZ2 ) for the detection

of O, and Mn leaching, respectively. The ring currents of the initial CVs as well as the ring
currents after 350 CV (cycled) are shovdapted from Ruicker et &t°

In Figure21 one experimendepicts the collectioof O. by applying 0.4 V vs. RHE
at the ring electrod@NE2 4 v) andthe other experimentdetectthe Mn-reductionby
applying 1.2 V vs. RHE to the Pt ring electrode (WE%). First, the OER onset is
observed at the Wk2 v above disc potentials of 1.6 V vs. RHE. Furthermore, the results
of the WEZ2.> v suggest low currents for the Maductionin which the initial collector
experiments show an obvious reduction curcéné pA cni?above 1.7 V vs. RHE disc
potential. This is first evidence of some reductive speciesatieafenerated at the disc
electrode.On the other handhé collector experiments of the cycled catalyst layer
(WE2; 2 v cycled)show noise in the +3 pA cfrange withslight reduction currentsf
about-4 pA cni?. The electrochemical data providepatential dependeffirst evidence
of the Mn leaching

Further analytical proof forevidence of Mn leaching is provided by OIS
measurements of the electrolyte after the respective collector experiments with the
NiO(111)+10% Mn sample and are notedlable 2. First, the pristine electrolyte was
analyzed to have the baseline of trensition metalgontents in solution. The contents
of Ni and Mn were close to the detection limits of about 0.007 and QL2
respectively bustill suggest minor impurities. The detectionlob4ug L™ Feis also
worth mentioning, because of its effect on electrocatalysis of Ni and Co inasexdals
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for OER2? A concentration of 0.902 pgtof Mn was detected in the electrolyaéier

the experiment with the 10% Mn samplender consideration of the material
concentrationn the pristine electrolytehts implies a leaching of abo@ivt% of Mn out

of the catalyst layer, compared t& Wit% of the Ni.Thisprovesthat there is a measurable
leaching of Mn from the electrode, which is stronger than the leaching of the Ni. The
leaching product is assumed to be Mniaut could not be further identified.

Table 2: ICP-MS results ofa) the pristine 0.1 M KOH electrolyte before electrochemical
experiments and b) the results of KIS experiments aftegeneratiorcollection
experiments anthecalculation of the approximateasdractiony of dissolved catalyst
from the RDE catalyst layeof NiO(111)+10% Mnassuming the stoichiometry

NigMnlolo.
a) Pristine electrolyte b) Electrolyte after generatior
collection experiments
Average Standard c(Mn, electrolyte)
concentration | deviation I pristine 0.85ug L?
[ug/L] [ug/L]
Ni, el I
Mn| 0.05 0.00 c(Ni, electrolyte) 066 g L™
I pristine
Fe 1.54 0.30 V(electrolyte) 0.11L
Ni 0.06 0.01 m(Mn, electrolyte) 93ng
Co 0.05 0.01 m(Ni, electrolyte) 73ng
m(NiO(111)+10% Mn,
electrode) 196 Hg
m(Mn, electrode,

. ) 1.
assuming NiMn1010) > Hg
m(Ni, electrode,
assuming NiMn1010) 1419
¥ ( Mn, fr0n6wt%
electrolyte)
¥ ( Ni, frorO.SWt%
electrolyte)

From the structural insights of the CV and complementary methods above, the OER
activity of theelectrodes is now considered. Télectrocatalytic activity of the materials
was compared wit€Vs at 10 mV & after electrocheinal conditioning Representative
CVs of each sample are plottedrigure22a and b. All Coeand Mndoped samples are
compared to the NiO(111) material. The-G@aped samples ifkigure 22a have arg
similar to the pure NiO(111) sample. More obvious differences for the materials are
changes in the oxidation and reduction peak height, which agree to the observations from
the conditioningin Figure21b). The NiO(111)+2% Co sample has a similarvatureof
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5.2 The influences of Co/Mn doping on NiO(111) nanosheets

the CVas the pure NiO(111) sample, whereas the 5% andd®#opedsampls have
much lower oxidation charges but simiththan the NiO(111) and the +2% Co sample.
In the comparison of NiO(111) and the Moped samples iRigure24b the differences
are more obvious. First, the position of the redoXpgalightly shifted towards higher
potentias. Second, thexidationpeak shape is changed, whigas already discussed for
theFigure20a andb above Third, thed increases with increasing Mioping contat.

a) 10— . : b)10 ——

NiO(111) NiO(111)

gl ——Nio(111)+2% Co ! NiO(111)+2% Mn
——NiO(111)+5% Co NiO(111)+5% Mn

— | ——NiO(111)+10% Co | ——nNio(111)+10% Mn
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Figure22: Representative CVs of the a) Co and b) Mn doped samples in comparison to the pure
NiO(111) sampleAdaptedfrom Riicker et al°

As metric for the OER activity of each catalyst, #werageoverpotentiad at 10 mA
cm?2 were determineaf each independent repetition experiment andcarepiled in
Figure23. As Benchmark material, a commercial N&Ranowasadded to the comparispn
which resembled slightly lowesverpotentiad than the NiO(111) but a larger standard
deviation.

Overall, the NiO(111)+5% Co hast the lowdsind the NiO(111)+10% Mn has the
highestd with 447 + 16 mV and 537 + 3 mV, respectively. Therettng Codoped
samplesalso have aarge standard deviation whichoald be explained by a worse
dispersiorstability connected to a less homogenous coating of the disc eleatfdties
NiOusnano and the Cedoped sampled However, no macroscopic differencesere
observedegarding thelispersiorstability and homogeneity of the catalyst films.

The standard deviation of theure NiO(111) and the Mn doped materialas
acceptable anuh the range -6 mV. The optimization of théispersiorfor each material
was out of scopm this study butshould be done for future analysis of this materighe

overpotentiad of theMn-doped materials are increased drastically in comparison to the
NiO(111) materials.
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Figure23: Average of the|at 10 mA cn? of each samplafter electrochemicalonditioningwith
an error bar indicating the standard deviatidthapted from Riicker et &t°

The positive effect of Co on NiasedOER catalyststhat is also shown hergas
already reportedn the literaturé*°® In studiesconducted with comparableatalyst
loading and measurement conditionsswhilar Co-Ni-based OER catalystd,of about
360 and 47@nV were found, respectivelt®14’This is well in the range of the observed
d for herein studied materials, but showcases the high deviations between literature
reports. More detailed discussion of the reproducibility of electrochemical data is done in
chaptel5.6.

In contrast,for the Mn containing Nibased OER catalysts range of observations
were reportedwith some increasirt4**®and others decreasing the OER activity of the
host materialt*”14915%or example, in the study of Dionigi et'&f the observed effect of
Mn increasing the OER| at 10mA cm? from 570mV for pure Ni(OH) to 620mV for
NiMn LDH was explained with theoretical density functional theory calculations of
single phased-NiMn LDH showing an increase of the reaction free energy of the OER
intermediates due to Mn compared &iNi LDH. This contrasts withreports of the
positive effect of Mrdoping onto the OER activi§#:'*8 The observations afthy Mn
lead tod decrease foODER wasusually not further investigated

However, thalifferences in the apparent activities coptibsiblybe explained by the
variety insynthetic approaches of each studynging from wethemical approaches to
solution combustion methodsyhich could affect the purity of the catalyst and the
chemical state of the Mn incorporated proddéts’*>° Another consideration is the
influence ofreproducibility ofindependenelectrochemicatepetition experimentsNot
every study has reportedeasuresor reproducibility.
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5.2 The influences of Co/Mn doping on NiO(111) nanosheets

The observation of the lower OER electrode activities and th@&lidiNi"' oxidation
charges of the Mn doped materialsntrast withthe high physical surface area of the
dopedmetal oxidesthatwereobserved with BETIn the following, the ECSAvasprobed
with CpL data, that was recordéar this study.The Cp. in Figure24a, b suggests similar
trendsto the oxidation chargesdepictedFigure 21b. The Mn-doped materialexhibit a
drastic decreaseth CpL, whereaghe Caedoping lead to slightly lowerCp. values.The
relative difference between tle. of the pure NiO(111) and the doped materials is lower
than the difference in thali"/Ni"' oxidation chargesHowever, the analysis ofoL
indicatesthat small amounts of dopant of just 2% show a large influence ontGghe
Overall, theCp. datagives furtherevidencethat the thin catalyst layers of the different
materials are not contributing equally to the charge of the electrode.

The contradicion of theCpL datato the BET surface area$ the Mndoped sample
strengthens the argument that most of the physical surface area of the sample observed
from physisorption experiments is not accessible for-facadaic CpL) or faradaic
charge (NI/Ni"" redox peaklBecause Ni | species are insul
conductive, the electrochemical potential, which controls the oxidation state, directly
determines the conductivity of NMiased oxide and hydroxide catalysts and theg th
ECSA Low conductivity of a catalyst layer can letwl an underestimation of the
material'SECSA In contrast, a previous study on Nidased transition metal oxides
found that introducing cobalt into binary (NiC@Cand ternary (NiCoFef) materials
resulted in enhanced conductivif/Another study in which electrodeposited hydroxide
flms has suggested that Mn@®l, films are poor electrical conductafé* The low
conductivity ofMnOxHy films might explain the observations of the 1@t and Ni'/Ni"
oxidationpeak charge in the present stdéf/Keeping in mind the loveatalystloading
that was used in this studiyne conductivity of the materials should plam@norrole.

The CV traces of each materwithin the considered potential windpwas shown in
Figure 24a), deviated from ideal beghapedbehaviorof the experiments. This narrow
window of 200 mV might be insufficient for full charge/discharge cydésome
materials leading to reducedpparent capacitancslues and potentially introducing
faradaic metal redox reactiotisthe detected current®*!As alditionalmetric for the
ideality of the fits theU-value was receivefilom the allometric fit of the LSV at different
scan ratesTheU-valueresembles the deviation of the regression from a linear fit and thus
from the ideal behavior of a capacitor and is show(Figure AL3) for the respective

materials'®® The pure NiO samples have a similar highalue close to 0.9, which is
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expected, becauséthe chosen potential window for the experimagihgoptimized for
this material. However, the doped materials exhibit Idealues with increasing doping
level. This implies that the addition of further transition metals decreases the ideal

capacitive behavior of the metal oxides in the respective potential window.
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Figure 24: a) Subsequent and negative going LSV at scan rates from 5 to 500 foWthe
example of NiO(111) and the value of 0.93v¥. RHE at which the current was red o). b
EstimatedDouble layer capacitanaaluesCp. from plotting the currents from the LSVs versus
the scan rateddapted from Riuicker et &t°

Summarizing the electrochemical resullte activity metrics othe NiO(111) and the
Co and Mndoped materialsvere found to be comparable to literature. Moreover, the
electrochemical behavior upon electrochemicainditioning was interesting and
suggestedhat the Co remains well incorporated, whereas the Mn was found to leach out
into the electrolyteCompiling the observed leaching of the Mn from ¢baditioningof
the Mndoped materials and with the low activity towards the OER, thedbdped
materialis not suitable for application as OER electrocatalyst in alkaline media. Both
dopants indicate a much lower surface reconstruction, apparent by loWeali'Ni
oxidation peak charge. The changes of the material will be further studied by

spectroscopic analysimefore and afteelectrochemistryn the following section.
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5.2.2 Spectroscopic analysis after electrochemical treatment

In the following, the spectroscopiechniques oKAS and XPS were used to study the
bulk and surface structure of representative materials for pure NiO and its Co and Mn
doped counterparts. The techniques were applied to study pristine mgbsiate, bf)
as well as electrochemically treatg@dter electrochemistry, aEGamples.

XAS studies before and after electrochemical treatmené conductedb elucidate
the impact of Co and Mn doping on the bulk oxidation state and crystal structure, thereby
correlating these aspects with the electrocatalytic activity of the samples. Notably, bf
samples were derived from-esceived powder samples, whereasCaamples were
obtained from processed films on GC disc electrodes following the application of an
electrochemical protocolTéble Ad). The oxidation state trends were qualitatively
assssed through edge position analysis, where the centroid of normalized XANES
spectraFigure Al4) was used to determine the edge enétdsP Thelocal coordination
environmenbf the materials were determined by comparing the EXAFS of the samples
with suitable references. Insights from theKNiCo-K and MnK edges are compared
below.

In the following sections, the relationship between the edge ekengjytracted byhe
corresponding metal edge enefgywill be discussedinitially, the effects of doping on
the asprepared powders (bf samplesgre studiedThe initial NiK edge position of
undoped NiO(111) fell between the edge energig¢hanfeference materials Nigxn and
LiNiO2 with nominal oxidation states of WNiand NI". This indicates that the initial
oxidation state of Ni was betwedrandlll . An initial oxidation state of 2.5is estimated
for the NiO(111)which is highlighted as a guidelinefigure25. No changes in the edge
position or corresponding Ni oxidation state were observed for samples doped with either
Co or Mn at concentrations of 5% and 10%.

At the Co kedge of the Caloped NiO(111)materials no significant variation
between the samples was obsenad the edge position matcheih that of the CoO
reference material, assuming an oxidation state of approximatdly contrast, at the
Mn-K edge of Mnadoped NiO(111), the samples displayed distinct edge positions
between those of Mhand MrV references, with 10% doping resulting in a higher edge
position than 5% doping. Notably, the edge position at the Muide depended on the
level of dping, whereas the correspondingNedge position remained unchangéhis
observationcan be rationalizedy suggesting that changes in oxygen stoichiometry

occurred, rather than alterations to the metal coordination environment. Qualitatively, the
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Fourier Transform of EXAFS dat&igure26) supports higher oxygen coordination with
10% Mn doping compared to 5% Mn doping, which is consistent with the expected

changes in metal oxidation state

16 -
Reference Ni-K edge Co-K edge —  Mn-K edge

Before EC

14 | After EC .

Figure 25. Normalized edge energiesHg from XANES, subtractedby the respective edge
energies of the Nj Co- and MnK metal edge energies.BMaterials of different doping levels
before (bf) and after EC (aEC) were tested. Guide lines for #BedE Ni" Oromn and NiO(111)
were drawn in yellow and violet, respectively.

Next, it was studied hoelectrochemicakreatment affects the observed edge positions
relative to the apreparedoowder samplesThis exsitu analysiswas doneaccording to
the description in chapt&.2.1 Briefly, the aECsamples are a closapproximation of
the active state during electrocatalysis than theregared samplesesembling the
irreversible changes from EC treatmélitFollowing the EC treatment, both the undoped
and doped ND(111) samples exhibited reduced edge positions at the-WNiedge,
indicating decreased oxidation state relative to theprapared powder samples. The
edge positions of these samples were consistent, varying by less than 0.3 eV from that of
the Ni' reference material depicted Figure 25. At the CoeK edge of the Caloped
samples, no significant shift was observed for 5% Co doping, whereas the 10% Co doping
sample displayed an edge position lovilean that of its corresponding-peepared
powder and lower than the 0 reference material.

Similarly, at the MrK edge of the Mrdoped samples, the trends in edge position were
comparable to those observed at thekGexge, with no significant change for 5% doping
and a decrease in edge position for 10% dogimgontrast, theMn-K edge position
remained above that of the Mreference materialThe equalization ofthe oxygen

stoichiometry among the differently doped samddsypothesized t@ccur due to the
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formation of the active OER state. Furthermore, the presence of thesphties in the
Mn-doped materialsuggestsintroducing strain and electronic distortion into the
coordination environment, contributing to the observed instability of the Mn maf&rials.
This observatiorsuggests thavin-doping leads tdhe oxidation of MH to Mn"V and
subsequentlyo thereduction ofNi"' to Ni"'. This was evident bthe lower aEC sample
edge energiesompared to theibf counterparts. However, it is essential to note that a
decrease in edge position does not necessarily imply a change in oxidatiohhstaedge
position can beignificanty influencedby the coordination environmeht* Therefore,
the EXAFS datawas analyzedo qualitatively assess whether the observed low edge
positions are indeed indicative of an unusual coordination environthentto the
different dopant species

The EXAFS analysisn Figure26 depicts the NK, Co-K and MnK edge of the 10%
samples, because they are representative for each dopant. The EX&BRRd that the
peak positions and relative intensities were found to be consistent with the respective
metatoxide references for Ni and Co, confirming that the bulk structure is consistent with
a rock salt metabxide framework, as supported by previous PXRD analifisever,
the presence of surface hydroxides could not be resolved in our EXAFS experirhents.
portion of the reconstrualesurface might be too low in relation to the bulk state.
Consequentlythe surface structuiie elucidated byxPSat later point

The Coedoped samples, the NiO(111)+10% Co sample ha®@md CeMb6 p e ak s
aligning with the NiOand NiM6 peaks at t heedgeawhiehimpbiemp| e’ s
a similarity in the coordination environment of the Co and the Ni.

Moving on to the Mrdoped samplegshe MnMépeak position was found to align
with the NiMdpeak position at the same sample's Nedge than with the MiVin peak
position of MnO and the other Mn reference materialfie Mn-O peakhas distinct
reduceddistancesbeing close tdhe Mr" and MY referencesThis indicates a similar
oxygen coordination as the My and MnQ reference sampledotably, there is no
evidence of separate phase formation og®irand MnQ, becausethe MM6 di st ances
rather alignwith the NEM6  d i s Momepvereisis hypnotized that also the Mn is
incorporated into the hostructure buexhibiting a high valent coordination of oxygen.

These observations support that both Co andchirid beincorporatednto the NO
matrix. Furthermore, the unusually low edge position of the 10% Co doped sample may
be attributed to an untypicabordinationenvironmenbf theCo in thedoped materials,

compared tohecubic Cobalt (II) oxideHowever, further experiments would be required
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to rigorously elucidate this point. Additionally, the shifts in the-Klledge may not be
guantitatively converted into a change in Mn oxidation state, as Mn also experienced a
similar bonding environment to that of Ni. Nevertheless, the magnitude of fee ed

position is higher than that of Co, indicating possible oxidation above Mn

Ni-M' = =NiOgy,

NiO(111) bt
———NiO(111)+10% Co bf
——NiO(111)+10% Mn bf]
|= _~LiNiO,

Ni-K edge Ni-O;
|
|

— ' R

— =CoO
——=NiO(111)+10% Co bf

NiO(111)+10% Co aEC
— =Co,0,

FT of EXAFS [a.u.]
!

MnO
e NiO(111)+10% Mn bf
———NiO(111)+10% Mn aEC
—  =Mn,0,

2 3
Reduced Distance [A]

Figure26: Fourier transformation dhe Ni, Co and the MAK EXAFS for the prepared samples
and reference materials. The reduced distance betwelloNi a s w e LA fromthe NiKh e N
edge are marked as a guide to the eye.

Moreover, netal sites forced to untypical bonding environments can lead to catalytic
enhancementsThis was suggested for a promine€@BER candidatesystem with
octahedral Fe sites with shortened@éistances in an NiFeOOH systenf? This may
explain the slight decreasedmobserved irFigure24 upon Co dopingOn the other hand,
the high edge position of Nis correlatedwith increased OER.%*°2As was denoted
in the RDE section aboydigh valent metal cations may be lost to the electrolyte,
particularly forthe Mn-doped material®® Finally, neither Nif nor Cd' are known to be
high-performance active sités? 1>>put theymight beoxidized on the surface, whigtill
beprobed by XP3n the following section

XPSwas performed to gain insights into ihreversiblesurface changes that occurred
because oflectrochemical treatments. The XPS data were collected from both the before

electrochemistry (bf) samples and the aéiksctrochemistry (aEC) samples by removing
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5.2 The influences of Co/Mn doping on NiO(111) nanosheets

the coated GC disc substrate electrode at a stop potential of 1.7 V vs. RHE from the
electrochemical cell.

The survey spectra of the aEC experiments are depictéidjume ALS. The spectra
revealed the expected presence of elements on the surface of the samples. Notably, the
NiO(111) btsample exhibited peak positions for O, Ni, C, F, and S, as wellray
satellite peaks around the dominant signals like Ni 2p and F 1s from the non
monochromatized Mg Klsource. Furthermore, the survey spectra ofadal Mndoped
samples also revealed the presence of their respective dopant elements.

Due to the complexity of transition metal 2p spectra, peak deconvolution was limited
to highresolution O 1s spectr&igure 27a) displays the Ni 2. spectra for NiO(111)
and its corresponding 5% €and Mndoped bfsamples. Notably, the Ni Zpspectra of
all three samples exhibit similarities, suggestingimilar surface composition and
chemical state of Ni atoms that align with the XANES analysis results obtained from the
Ni-K edge. As a result, even at low doping levels, there is a relatively nhimipact on
the surfacesensitive XPS signal. In addition, the Ni 2p spectra reveal characteristic
multiplet splitting consistent with NiO, featuring a dominant peak at a binding energy of
854.2 eV and a less intense satellite peak at 855X9°&we first signal at 854.8V is
neither found for Ni(OH)samples nor for NIOORR® The signal at 855.8V corresponds
to surface hydroxide and is typical for Ni @pectra of NiG:2>1%¢

Following electrochemistry, the survey spectra depicteHignire ALSb revealsan
unexpected presence of K signals at the sample surface, which can be attributed to
residual KOH electrolyte that was not fully removed by rinsing the GC disc with ultrapure
water after the electrochemical experiméfngure27b shows the Ni 2, spectra for the
aEGsamples.For all samples, the peak at 855.9 eV increased in intensity, but the
magnitude of this change varied significantly between the samples. The NiO(111) aEC
sample exhibited the largest increase in peak intensity, followed by the 5% Co aEC
sample, and then the 5% Mn aEC sample. This enhancement is attributed to the partial
formation of NiOOH and Ni(OH) with the remaining NiO surface characterized by a
corresponding decrease in intensity at 854.2'%\This formation of NiOOH and
Ni(OH)2 from NiO after electrochemical treatment was reported previously for chemical
vapor deposited Nicfilms as well as for thin film catalysts from hydrothermal synthesis.
79157158 |t's worth noting that the decomposition of NIOOH to Ni(@Hhay have

occurred during thexsitu experiment, as has been observed in recent studies.

72



Chapter 5: Results and discussion

Q5L Q v ",I Q55 O L A
a) |\ 2P3;2| 8559 g 8542 |b)| Ni 2p.., 5 | 8542

NiO(111) aEC
L "

10(111) bf
: M Il " L

Intensity [a.u.]

NiO(111)+5% Co aEC

111)+5% Co bf

INIO(111)+5% Mn bf
L L L L

. . NiO(111)+5% Mn aEC ! ,
868 864 860 856 852 868 864 860 856 852
Binding energy [eV] Binding energy [eV]

Figure27: XP-spectra of the Ni 2 of the of the NiO{11) samples without dopants, as well as
with 5% Mn and Co doping a) before electrochemistry (bf) and b) after electrochemistry (aEC).
All samples were measured @sated filmson a GC substrate.

Figure AL6 displays the Co 2p and Mn 2p spectra, which exhibit relatively low
intensities due to the limited amount of dopant present in the materials. They&£o 2p
spectra show a satellite peak at 786 eV, indicating the presence df sp€ies. In
contrast, the Mn 2p spectilaesnot display a satellite peak at 647 eV, suggesting that no
Mn'" species are presetltf. This finding suggests that the Co surface species in the bf
material contain Cbspecies, while the Mn surface species are predominanty din
higher oxidation state®oth observations align with the XAS results and support the
notion of a similar surface composition to the bulk. Notably, the Mn 3s spectra doublets
could not be fully resolved in this study, whishiggestsan correlation between the
spacing of the doublets and the Mn oxidation stte.

Figure28a showsthe O 1s spectraf the bf samplesThe features of the O 1s spectra
were attributed to three species of different chemical sHifts.feature A at 529.8 eV
was attributed to lattice oxide oxygen in Nit was expected for thexide-based
materials ands the dominansignal in the bfsamples. The feature B is attributed to
hydroxide oxygeras a native hydroxide layer asnon-stoichiometric oxyget>. The
feature C is attributed toxygen fromadsorbed water and orgarsipecies?® Latter can
be explained by contribution of the sulfonic acid and fluorinated ether groups due to the
Nafion content in thénin films.16%162Comparing théditting results of O 1s of thdifferent
bf-samplesis suggesting that the materials are simif&e peak area ratsof the A/B/C
in the O 1s spectra differs for the 5% Mn bf sample with 1/0.22/0.1 compared te the bf
NiO(111) and the 5% Co {#amples with 1/0.27/0.1 and 1/0.26/0.1, respectively. The
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5.2 The influences of Co/Mn doping on NiO(111) nanosheets

higher ratio of feature A in 5% Mn {gamplecan beexplained bya contribution ohigher
valent Mnspecies in the materig.g. M) as supported by XAZ®

a) b){o 15|
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Figure28: XPS O 1s spectra of the of the NiO(111) samples without dopants, as well as with 5%
Mn and Co doping a) before electrochemistry (bf) and b) after electrochemistry (aEC) with a stop
potential of 1.7 vs. RHE. All samples were measured as thin films onsuk&@rate.

Figure 28b shows the corresponding O 1s of the af&tples. For all aE€amples
feature B became more dominant, together with the lower relative amount of feature A
This could resulfrom the formation of NIOOH and Ni(OH) on the surface of the
materials after electrochemist§? It is alsolikely that residual KOH contributes to the
feature B The Contribution of KOH to feature B onsiderednegligible due to the
relatively low amounts of observed K in the sunayectra As for the Ni 2p,> spectra
the O 1s spectra of the aEC samplieféer in the changeof surface reconstruction
depending on the dopanthe simple peak structure of O 1s allows the relative
quantification of surface changéhe 5% Mn doped samplesembleghe least change
in the relative peak area. In fadigtrelative ratio ofeatureB changes from 0.22 to 0.3
for the 5 % Mncomparing thébf- to aEGsample. The relative ratio of feature B of the
5% Co aEC sample changes from 0.26 to Oib4vhich the feature B will also include
minor contributions of the Co(Okispecies The feature B of the pure NiD{1) on the
other hand has the largest change of the feature B from 0.27 to 0.88. These observations
indicate that the surface of pure NiO(111) transforms the most to a NiOOH/Ni(oit)
surface layer

The observationfrom XPSis consistent with the oxidation changes observed in
XANES analysis and th€V data, which were described earlier. In contrast, doping with
Co and Mn hindered the transformation of the NiO host structure to a NIOOH/Nj(OH)
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with Mn being the most inhibitive dopant. This is supported by minor changes observed
in XANES data. Interestingly, the relative contributions and changes of the discussed
XPS features also correlate with CV analysis, which revealed a strong redox paade for
NiO(111), indicating significant surface reconstruction with (oxy)hydroxide formation.
However, lower redox charges were observed for the doped samples. The modest
transformation of Co and Mndoped samples to the catalytically active NiOOH
terminatel surface might explain the observed low activity increase upon electrochemical
activation in OER evaluation. However, it's worth noting that adding Co and Mn is
expected to improve OER electrode activity, so we interpret our findings as follows: the
decreased NiOOH formation and, for Mn doping, also parasitic currents from leaching of
Mn, likely minimize the effect of activity improvement. Notably, the case of Mn doping

even resulted in a decrease in OER electrode activity.

5.2.3 Summary of the effects of Co and Mn doping

In summary the effect of Co and Mn doping on the OER electrode activity was
observed to be modefatr the studied facetted NiO(111) systesompared to generally
reported activity enhancement of bimetallic transition metal oxibes.influence of Co
and Mn dopants on thghysicalsurface area was found to be partial contrary to the
electrochemical activity trends. The effect of different doping levels on the OER electrode
activity was observed to be influenced by the extent of surface reconstructierotkh
salt precatalyst to a NOOH). terminated surface. The hypothesis of the differences in
surface reconstruction was analyzed with XPS of the catalysts before and after
electrochemical testXPS revealed a modeshange in Mrdoped samples relating to
the lesser degree of hydroxide formation may hinder the formation of a more active
NiOOH surface during OER, leading to limited activithe Coedoped samples exhibited
moderatesurface reconstructioanddecreasing the OERfor lower doping levelsThe
increase in OER] at higher doping levels (< 10 mol%) was attributed to hindered
reconstruction by G®4 impurities, indicating that electrochemicainditioningmay not
be an effective strategy for provoking surface reconstruction of highedofed
materials.The XAS analysis was found to be in accordance with the electrochemical
results, indicating a lack of changes in the bulk Ni oxidation state with doping, and modest
changes in activity with doping. The absolute oxidation states of Ni are cldée to
suggesting that it may not be among the most aptereatalysfor OER.The generation

collection experiments of Mn dissolution by RRRd supporting ICRS results
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suggest corrosion of Mn from the film, which can partially explain the low OER electrode
activity and minor degree of hydroxide formatidrne instability of the Mn material is
suggested as a focus for future studidge main driver for activity is suggested to be
variousfactors, including dopant metal sites in an untypical bonding environment, surface
hydroxides, and changesetectrochemically accessible surface a@eerall, the results
showed that the combination of fa@eintrol and transition mdtaoping for Ni oxide

based catalysts as a promising strategy to study the effect of Co and Mn doping on the
OER activity. However, further material optimization by tuning synthesis parameters is
necessary to develop more active catalysts, sualsascessful incorporation of Fe into
facetedNiO(111)
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5.3 Studying the introduction of Fe into Ni hydroxide and oxide
The materials studied in this chapter were prepared in collaboration between the
DLR and the UOL in the UOL labs by Dr. Dereje Hailu Taffa. Most of the content of
this chaptelis prepared for publication in a peer reviewed papgésnstantin Rucker
performed the XPS analysis, the XAS analysis, the Raman spectroscopy analysis and
the electrochemical characterizatior. Dereje Hailu Taffaperformed the MW
synthesis, the PXRD experiments, the BET analysis and #id&eENRanalysis. Floris
van Lieshout has supged the Raman spectroscoy. Elliot Brim performed TEM
experiments.
The synthesisf the materialsn this chapter ia MW approach based on the synthesis
in chapter5.2 with special emphasis on producing a phase purdopbang. Briefly, to
synthesize the materials, precursor nitrate salts were dissolved in dry methanol. During
addition of iron, the control of the pH was crucial due tatidity of the Fe(NQ)z-9H.O
precursor salt. This was mitigated by the addition of KOH dissolved in methanol to adjust
the pH value A longer MW synthesis time of 18thinutesat 140°Ccompared to the
Co/Mn-doping approachesbove was choosgf to mitigate tochigh molar ratios of Fe
in the productThe tendency of Fe to be overproportioned in the producewgalained
by higherhydrolysisrates of F compared to the Nj'2
On one hand, the FdopedU-Ni(OH). received after washing the product of M&/
synthesis was characterized. On the other harely-Ni(OH). wascalcined at 400 °C to
obtain Fedoped NiO(111). HowevelCP-MS analysis othe optimized synthesis route
for Fe incorporationstill resulted in an apparent molar ratio of Fe that deviated
significantly from the intended Fe conterfiaple AQ. Therefore, all doping levels
reported in this study are expressed as mol% based on the apparent Fe content determined
by ICP-MS. The powderX-ray diffraction (Figure Al7j patterns indicate that the
hydroxide material remains phagere across all doping levels. Nevertheless, the
addition of iron leads to peak broadening, which is consistent with a decrease in crystallite
size, as calculated using the Scherrer equéfiable A7. In contrast, the oxide materials
obtained minor peaks of f@&s alongside the characteristic NiO reflexes for molar ratios
of 24% Fe and higheaftercalcinationyespectively Nitrogen physisorption experiments
reveal anotable changin the pore structure of the material upon Fe addition, with a
notable increase in pore volume at approximately 5 nm, starting from the 5% sample and
increasing up to the 31% sample. The specific surface area, as determined by BET

analysis, is also strohgaffected by doping, with a pronounced increase in surface area
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observed at 13% Fe content. The drastic chaoiggerved bythe BET surface area
suggests significant impact of Fe doping on timaterialsn morphology.

The TEM imagesuggesnanosheet morphology of Ni (OH)
incorporation, though with reduced lateral dimensidagure A18. Upon annealing at
400 °C, pristine NiO(111) developed hexagonal pores, whildoped samples exhibited
pore merging into larger, irregular voids, indicating that Fe modifies the stability of the
pore framework during crystallization. While lattice Spgs in Fedoped samples
revealed additional crystal planes beyond the (111) orientd&RD intensity ratios
confirmed that Fe did not significantly alter the global crystal orientation. These
observations further underline that Fe incorporation affects nanoscale morphology and
local crystallinity rather than the overall orientation.

Overall, the addition of Fe was found to have a profound impact on the physisorption
results. The data for the oxide materials suggest that Fe additions of 24% and higher are
not fully incorporated into the rock salt host structure. To confirm the suatessf
incorporationof Fe into the hydroxide host structure and the ledaged oxide host
structures, further spectroscopic characterization such as XAS, Raman, and XPS is
necessary. Furthermore, the effect of Fe additiorlectrochemicabehavior and OER
electrocatalysis will be investigated in detail in the following section.

5.3.1 Spectroscopic study of the Fe incorporation

The spectroscopic analysis aims to provide evidence on whether the Fe is successfully
doped into the Ni hydroxide and oxide host structures or if separate Fe phases are formed,
even at low Fe contents. The Nidfige XANES spectra, shownhkigure29a, reveal that
the edge energpf the Ni(OH)2 samples are slightly higher than the oxide samples, for
both the pure and the Fe containing samptemsyvever, the XANES spectrafter Fe
incorporation induces a slide shift towards lower edge enefg@sably, all tre edge
positions are found to be between those of tHEONind LiNi"Os reference samples
indicating an oxidation state of about +20% the oxides and +2.7 for the hydroxides.
the literatureJ- Ni(OH)2 from MW synthesis was reported to have oxidation state of
+25% Therefore, the materials produced in this study initially have a relatively high
oxidation state.

The Fe kedge XANES spectra, presented-igure29%, display a similar trend’he
hydroxide and oxide materials exhibiting similar edge shapes. Nevertheless, the edge

positions of the materials appear to be slightly above those dfdheOs reference
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sample, suggesting an oxidation state of approximately Ill or higneilar oxidation
states were found foMW based NiFe mixed hydroxides in the literatuteHowever, it
is essential to consider that the edge energies can also be influenced by the coordination

environment®3
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Figure29: XANES of a) Nik edge and b) of Fle edge including some reference material. All
experiments have been performed on thin films coatdd@discs.

To further elucidate the coordination environment of the materials, the EMA&BS
analyzed. The EXAFS of tidoped hydroxide samples is represereéigure30a. The
comparison of the reduced distances of th&/Nilistances to the Fél' distances in one
graph was choosen for better comparability. No changes of tttedwdination are
observed afteFe addition highlighted with theNinion:-M6 r ef er ence | i ne
sample The hydroxide materials display a similar@®idistance, but with a differeli-
O/Ni-M' relative ratio and a higher Nil' distanceof about 2.9 AThe reportedNinior).-

M ddistance is higher than reported famparableNi(OH). materials$* but can be
explained by the highexidate state of thieydroxide material

The observation, that thHee content does not influence the distances in thk &lige
EXAFS suggstsa leck ofinteractionbetweerthe Fe and the Nieven at~e-contents of
24%.was usedor interpreting the nature of the interaction between Ni and’ke.Fe
K-edge EXAFS spectra of the hydroxide materials reveal an overlap with the reduced Ni
M' distance of the hydroxide at the 5% Fe doping level.

However, at 24% doping, the peak splits into two distinct features, indicating the
presence of two different coordination environments for the Fe atoms in the

Ni(OH)2+24% Fe. The difference in distance between th&lFeeak and the reference
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hydroxideNinion).-M 6distance suggests that a separate phase exists, in which Ni and Fe
do not share the same local environment.

In the case of the oxide materiadgpicted inFigure30b, the FeM' peak is shifted to
higher distances compared to the oxid&idNM' reference, and a larger 0l peak is
observed. Furthermore, the coordination environment of the Fe in both oxide materials
appears to differ from that of the Ni, implying that the Fe is present in a distinct phase.
This suggests that the Fe is notyutcorporated into the NiO(111) host structure, but
rather forms a separate phase, even at low doping lévyelsrtunately, no complete
dataset for all samples could be acquired for both samples. Still, the trends suggest a phase

separation also occurgrat 5% Fe contents.
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Figure30: EXAFS ofa) thedoped hydroxide materiaésd d) theoxide materialshoth including
the respectivereference distance of Mil 6 pure Ni(OH) (Ninion=-M0 ) in gray and
NiO(111) (Ninio-M") in black. All experiments have been performed on co@@discs.

To gain a more complete understanding of the catalyst's properties Raman
spectroscopyvas used as a complementary technique followingXih& analysis.In
general the hydroxide samples have been prone to calcination byatiee The
vulnerability to calcination wascreasingwith Fe content, possibly due to the brown
color after Fe additiomccompanied with increasémserabsorption The calcination of
the catalyst material was observed by slight change of the peaks but mostly by
Fluorescence at higher wavenumbers and qualitatively by darkening of the powder
observed in the Microscop@ccording to this, the number of scans needed to be
decreased for the hydrale materials.

Figure 31 represents the Raman experimentdiydroxidesamplesThe signal A is
weak for the pure Ni(OH)sample and can be attributed to titerational NI'i O khode
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(A1g).>#!19This peak is shifted to higher wavenumbers of 510 amith increasing Fe
doping level. The highest shift was obsera¢8% of Fecontent This peak was already
reported to be sensitive tstructural changes in the lattice, e.g. by temperature or
defects?>1%4 The peak B at 680 chis increasing in intensity with Fe doping and is
attributed to Alg vibrational mode of F@.>® The peak position of the F@® vibrational
mode isindependenof the Fe content. The peaks C at ~1@®Q@300 could arise from
the precursor Ni(N@)2 and Fe(NQ@)s residualsin the powder after washing. For
Ni(NO3)2-6 H20 signals at 1042, 1337 and about 14566 were reported®1%
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Figure31: Raman Spectra of the Fe doped Hydroxide samples. The peaks are highlighted with
annotations from A for the hydroxides.

In thehigher wavelength regime of the hydroxide spertrigigure31, SignalD was
assigned to characteristicK stretching vibrational modes of organic substances like
precursor benzyl alcohol and possible impurities like fingerptfitShe fading of the
peakD with increasing Fe content could not be fully resolvigte fading of D couldbe
related to reduced number of readings wittreased~e content. However, the complete
disappearanceould be related to an easier removal of organic contaminants due to
smaller crystallites, as stated aboV&e characteristiqpeak E at 3650 ¢y which is
attributed to a characteristic-B stretching modes of}Ni(OH)2,5! is drastically
broadening with increased Fe doping. It was suggested that this peak broadening can be
due to disorder which is promoted by ions between the layered structures and changing
hydration?® Similar broadening effects were found for oxide and hydroxide saritples
PXRD. It is hypothesized that this peak broadening and diminishing is also attributed to
the decreasing crystallite sizes.

Figure32represents thRamarspectra of the oxide samples. Signal A and B are minor
but could be assigned to 1P Phonon modes 160acmitransversal Optical lattice modes
of NiO at 390 crit.8316”Peak C was assigned to the 8 O) bending (Eg) mode of
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the NiO, reported at 480 cThe Signal D was also found in the hydroxide samples and

is assigned to Alg vibrational mode ofi Beat 680 crit. The peak intensity of Peak C is
decreamg with the doping levelwhich is expected because of the lower Ni content.
However, the degree of shrinkage is higher than expected due to the Fe content. The
observed peak shrinking could be related to a reduced crystal order. Furthérenpeak

D is rising in the relative ratio to peak The broad signal &000 cm'is attributed to

the 2P Phonon Modd& he broadening or disappeariraj this peakwith increasing Fe
contentis attributed to the decreasing crystallite sfZeBhe observed peak broadening
agreeswith observations from above, as well as with indications from the hydroxide

samples.
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Figure 32 Raman Spectra of the Fe doped oxide samples. The peaks are highlighted with
annotations from AC for the oxides.

The surface of the materials was probed by XPS. The first observation from the survey
spectra of the agrepared powder samples, both hydroxide and oxide samples, is the
absence of Fe in the survey speckmire AL9). The only sample with a Fe 2p signal
was the 31% samples lbydroxideand oxide samples with 0.4% and 1.4%, respectively.
However, the presence of Fe was confirmed by-M3and other bulk techniques, such
as Raman spectroscopy and XAS. This discrepancy suggests that the powder samples
exhibit alayeredstructure, where théastprecipitaing F€" serves as a condensation
nucleus for the Ni precipitate. This concept is known asregiilated nucleation and
growth, a common approach in colloidal synthesis where the sequential growth of two
materials with different rates igpplied to form coreshell materials in a single step
synthesig8

The peak deconvolution was not possible due tddakesignalintensity of the Fe 2p
spectra Additionally, the interpretation of the satellite position to distinguish between
Fe' and F&' was not possibl&® Similar observations were made with the C 1s signal,

which was about 7% in the hydroxide and 5% in the oxide spectra. In these cases, peak
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deconvolution of the adventitious carbon for charge reference was possible, but
challenging Furthermore, Nitrate species were foundheN1s signal which overlaps
with the Ni LM2 Auger line in the experimentenductedvith the noamonochromatized
Mg anodeIn an &perimentconductedvith the monochromatized Al anodég survey

spectra revealeNOs speciesat 407 e\:%°
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Figure 33 XPS spectra of the a) and b) O1s signal of the hydroxidehendxide The spectra
include reference lines of characteristic peak position of the pure rhadedalabeling of
characteristic peaks.

The O 1s spectraf the hydroxide sample iRigure33a was deconvoluted into three
peaks.The pure Ni(OH) peaks agree with the previously reported signals for Nickel
hydroxide?? The main featur® at 530.4 eV is attributed to oxygen in hydroxide species.
This peak is shifted to lower binding energies compared to the reference values reported
by Biesinger et al’®> Moreover, this feature broadens and shifts further with increasing
Fe content, reaching 530.0 eV at 31% Fe. The observed broadening may be attributed to
the above discussed crystallite size decregise contribution of iron hydroxidds the
O 1s spectras expected to be minor due to the low Fe signal intenElitg additional
peaksC at 531.5 and at532.4 eV are attributed G-O speciesand adsorbed water,
respectively*?125 A minor contribution from residual nitrate precursobserved in the

survey spectra @07 eVmay be preseriut is expected to be loth®
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The Ol1s spectra of the oxide sampleg-igure 33a can be deconvoluted into two
primary peaksA at 528.9 and 530.9 eV corresponding to lattice NO and surface
hydroxide species, respectivéf’:?® No clear trend in binding energy shift with Fe
content was observed in the oxide samples. However, significant peak broadening,
particularly for the lattice NIO component, was noted. As with the hydroxide samples,
this broadening coulcesult inreduced crystallite sizewith increasing Fe content
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Figure34: XPSNi2ps2 spectra othe @) hydroxide andd) oxide materials. The spectra include
reference lines ofharacteristic peak position of the pure matearad labeling of characteristic
peaks.

The hydroxide Ni2p> spectra inFigure 34a resemble the characteristic multiplet
splitting including for Ni(OH}, including the satellite structusé®12°Compared to the
reference data from Biesinger et fak: Ni(OH).,1?° the peaks are broadgrimarily due
to the use of a nemonochromati Mg X-ray source resulting in less pronounced
features, such as the satellite at 860 eV (peak S1), and amligfall shift to lower
binding energieswith increasing Fe content, a slight shift (~0.4 eV) of the signals to
higher binding energies is observed. Additionally, peak8 éxhibit notable broadening,
along with changes in the area ratio between peaks A and B, which shifts from 0.13:1 in
the pure Ni(OH) sample to 0.28:1 in the 31% Fe sample. The satellite structure remains

unchangedwcross Fe concentrations Mg Kb satellite from the Ni 2, signal may also
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contribute to the peak near 856 eV J3fut is expected to beonsistentacrossall
measurements.

The Ni 2p2spectrum of the oxide samfegure 34b resembles the typical spectrum
of NiO.#212>Comparing the pure NiO(111) sample to Mi© reference of Biesinger et
al1% a systematic shift to lower binding energies is observed, though the relative peak
distribution remains consistent with the literature. Unlike in the hydroxide samples, the
main NiO peak at 853.2 eV does not follow a clear trend with increasing Fe content.
However, pronounced peak broadening occurs: the full width at half maximum of peak
A increases from 1.3 to 2.0 eV upon addition of 31% Fe. Moreover, the A/B peak area
ratio shifts significantly from 0.4:1 to 0.7:1.

Concluding the pristine characterization of the samples suggests, that the Fe might
only be phase pure incorporated until doping levels of 5%. The samples with higher Fe
content have considerable indications of being a mixture of multiple phases. It is
hypothesized that one of these phases could b®sFd~urthermore, a lowered
crystallinity is correlating with an increasing-Eentent. The increased surface area and
the occurrence of the F&s;, which is known to be a sluggish OER catalyStare

expected to counteract in the OER activity.

5.3.2 Electrochemical trends after Fe incorporation

The electrochemical chacterization wasonductedn an adaptegrocedire, depicted
in Table A8, to measure activity metrics at multiple steps (3, 6, 7 andrifst, the
electrolyte resistance was determined from the EIS in step 2 affBERumMberof scans
in step 4vas minmizedto 50 Scansbecausef homologation to the broad literature and
becausehe hydroxide material has reached an oxidation peak plateau tfzatethe
tested oxidesThe main metric that will be discussed is ¢hat 10 mA cn¥ from step6,
because by consideration of the standard deviation of each activity a6, gave
repeatale resultsStep5 included a EIS measurement at a constant potential to estimate
the pseudo capacitance of the materials. However, the currents at this potential were too
high for most of the Fe containing samples, leading to unreliableFegtbobservations
of the measurement seriesforethe electrochemical resultwerethe poor coating that
was achieved for the hydroxide materials in comparisohamxide material, also after
optimizationof thedispersion The dispersionoptimization will we further discussed in
chapter.6.1
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5.3 Studying the introduction of Fe into Ni hydroxide and oxide

Figure35a and b show representative cyclic voltammograms of the hydroxide and the
oxide materials, respectively. On first notice, the shift of the oxidation peak pasition
the hydroxide materialis apparentThis is notobservedvith oxide materials. The shift
of theNi"/Ni"" redox peaks was previously reported forfd¢imixed hydroxide¥®*and
indicates electronic effects of the Fe onto the Ni sites by bulk incorporation into the
material®” This is contradictory to our spectroscopic observation, were many results
implicate that the Fe is not or to a little extelapedinto the Nihost materialThis little
extentof Fe-incorporation might be enough for electronic influences by thel&wever,
there was only a slight oxidation peak shift observed between different treatmenés of
electrode(Figure A20). The largesbxidation peak shiftvas observetietween thgure
Ni(OH), andthe 31% Fe sampl&@he shift in the Ni/Ni"' redox peak is ajn evidence
for partial incorporation of Fe into the Ni bulk.

Interestingly, the N¥VNi"' redox peaks have similar heights, decreasingitds higher
Fe-content. The decrease in redox peak height is not steady, which can be explained by
the inconsistent coating quality of the hydroxide materiatiditionally, to the novel
catalyst materials, a commercial NiO (Ni§Nang Was measured. The given conditions of
further purified KOH electrolyte and the low numbers of cycles in step 3 result in a low
Ni''/Ni"' redox peak and in a highERd.
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Figure35: Representativ€V of a) the hydroxide and b) the oxide materials from the second scan
of the step 6.

Taking the NiQsnanoas a benchmark, the pure NiO(111Figure35b hasaslightly
larger oxidation peak and a loweqd with a similar onset potentias the benchmark
material.In this regardthe insert of a zoom into the different peaks was analyzed and no
dominant peak shift was observed for the oxide samples upon additionTdfd=ewer
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magnitude obxidationpeaks of the oxide materials in general compared to the hydroxide
materials suggest that most of the material sustains in the oxide structure after
conditioningand only the surface is transformed into an Ni(®HPurthermore, the
observatioragreeswith the lower specific surface area of the oxmdaterialscompared

to the hydroxide materialfrom nitrogen adsorption experiment® addition, the
unproportional decay of the NNi'' redox peak heights with increased doping level was
already observed for the Co and Mn dopgmghapter5.2and was connected to a possible
suppression of the oxidation towards NiOOH and a possibly lower conductivity of the
mixed oxide bulk materid®! The rationalebehind he strong decrease of 'MNi'"
redoxsignals due to transition metal incorporatierstill under debat®. For the24%

and the 31% sample, theWi'" redox peaks are barely observ&tie overpotentias

are in general higher for the oxide materials, compared to the hydroxides.

For more detailed discussion of tlwwerpotentiad, the average values and the
deviations across the experimeatsdepicted inFigure36a andb. As already observed
above, the hydroxide materials exhibit a high variation between the experiments.
However, a trend can be estimated from ¢iverpotentiad. The pure Ni(OH) itself
already hasn exceptionally lowg of about 0.41V, which indicates that there might be
still residual Fe in the system. The commercial )i@no On the other hand, hamn
exceedinty highd, which could either be a result of lower susceptibility of the¥i@ho
for uptake oimpurities or due to intrinsic activity differences. Generally gléference
between the hydroxide and its Fe containing counterparts was expected to be higher
because of reports from comparable stu#ié&lt is suggested that the Ni(OHR4%
Fewith an average| of 0.37 Vis an optimalFe contentThe optimal content of about
24% would agree with the broad literatuné different precatalyst materials®62.173.174
On the other hand, the large deviations in the averagerpotentiad between the
independent experiments have to be mentioned, as well as the variety of optimal Fe
loadings in NiFe-based materialthat were reportefbr OERapplicationg**54

For theoverpotentiad of the oxide materials iigure36b a clear difference between
the pure NiO(111) and the fe®ntaining materials can be observed. Otherwise, no clear
trend arises from the data. Interestingly ¢hef the NiQusnanoand the NiO(111) differ
significantly from each other. Moreover, the 31% Fe sample exhibits a drastic increase in
d in comparison to all other Feontaining metal oxides.

In comparison to reports of comparable materials and experiments from the literature,

the reported activity metrics herein are similar but not setting new benchiDakgi
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5.3 Studying the introduction of Fe into Ni hydroxide and oxide

et all’®> managed to receive ahof ~350 mV for a compounded NifdDH material.
Other less comparable RDE studies on NibPdH materials reported of less than 300
mV at 10 mA cnt.1’®1"The lowerd in this studycould be explained by the impurity

phases observed for the materials in this study.
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Figure36: Theaverage] at 10 mA cn? and standard devistiofisr thea) hydroxide and d) oxide
materialsfrom the secon scan of tf&C-protocol step 6.

For a morecomparablenvestigation of the catalyst materialsregarding capacitive
currents galvanostatiexperiments at 10 mA cAwere performed and represented in
Figure37. Duringtheexperiments of both the hydroxide materials and the oxide materials
deactivation omostmaterials was observed. This deactivation of only 1 h of experiments
can be attributed to ubbledetachmenissues’® For exampleof the Ni(OH) even the
cut of at 2.2 V vs. RHE was reached. Other mategat$h ashe NiO(111)+31%-e
exhibit major potential jumps, probably becauseefiodic bubble detachmeriiore
insights and an alternative activity trend can be extracted from the aveahd®&0250
s and 35068600 s for each material. The eadyvalue should contain only minor
influences of bubble induced deactivation, whereas the ldttealue could not be
extracted for every material.
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Figure37: a) and b) show representative 1h galvanostatic hold experiments for each sample at 10
mA cn?. d of the galvanostatic experiments were extracted betweei2dG@and 3508600 s
and plotted for c) the hydroxide and d) the oxide samples.

For the hydroxide materials iRigure 38 the d values from the galvanostatic hold
distinguish more than those of tk®/. In general, the| were higherthan thosd€rom
potentiodynamic experiments, probably because of disregarding the capacitive currents.
The material with the lowest] between 15@50 sin the comparison was the
Ni(OH)>+13% Fe and closely followed by the 24% sample. An interesting additizat
the hydroxides with higher Fe content exhibit a log/grcrease from 15@50 s to 3500
3600 s.This observation can either be explaineddizsolutionredepositiorof Fe from
the catalystor by a more favorable oxygen detachem¥if.The NiQusnanois by far the
material with the highegl With the initiald beinglike the pure Ni(OH) but the ending
d being close to the cuwiff potential 0f2.2 V vs. RHE.
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Figure 38: d of the galvanostatic experiments, extracted betweer2580and 350600 s to
highlight the deactivation. a) contains the hydroxide and b) the oxide samples.

The oxide materials iRigure38b have a lower standard deviation than the hydroxide
materials. In this comparison thef the pure Ni(OH)and the NiO(111) argimilar. For
NiO(111) no strong deactivation was observed at the end of the experiment duration. Still
a clear optimal loading could not be found, because ihfeNiO(111) between 1% Fe
and 13% Fe are similar. The 24% and 31% samples are characterized with alhigher
approaching the pure NiO(111) sampter all the oxide materials, the changes from the
first to the second analyzed interval is small. However, the deviations between the
experimentseento increase with the Fe content of the oxide materials.

A comparison of the from galvanostatic experiments with the literaturdifficult
becauseahis metric is usually not reported for RDE experiments. However, in a study
about the evaluation of RDE stability experiments with a Ir catalyst in acidic media, most
of the experiments started at Potentials of about 1.7 V vs. RHE and ended at patentials
2.2 V vs. RHE.

The trends of the OER activities reported here agree exgectationsdrom the
pristine physical characterization of the materials above. It was stated that the increased
surface area and the occurrence of theripairity phase could compensate eather,
resulting in a modest OER activity, compared to literature. Still, the OER activity is much
better than for pure Ni(OHand the NiO(111). Another factor governing high OER
activity is the formation of the active NIOOH andxNe.xOOH phase. Thereforehe
reconstructions of the catalyst materials are further studied in the following section.
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5.3.3 In-situ and ex-situ characterization of compounded
Fe-incorporation

The characterizationof electrocatalystan operando techniques important to
understand the electrocatalytically active species in the catalysts. The closest available
approachin this study werein-situ experimentsand exsitu experiments after
electrochemical treatment

The exsitu XAS experiments are covered kigure 40. First, the XANES of the
materials after aE@ analyzed. In this study, the E8Xperiments were stopped at 1.7 V
to sustain thexidation state of the active catalyst. However, it needs tmwhsidered
that the active NIOOH species was observed to decay faster than this XAS experiments
could bemeasuredstill, thisexsitu experiments are a close approximation of the active
state. Most of the differences observed for the edge positions at-thedge(Figure
40a) were in the low 0.1 eV range for the aEC samples compared to the pristine samples.
The pure Ni(OH) and the NiO(111) samples have shown a slight reductiona&Cthe
differences are too smatb speak of a trend. Interestingly, the Fe doped samples both
exhibit oxidation after EC. For the oxide sample, this oxidation is about 0.5 eV. This
implies that the Fe has an influence in the Nickels oxidation state during the
electrochemical treatment and that this influence is larger than theoelestrical
polarization of the catalyst materiglowever, this observation contradictsnesitu and
guasiin-situ XAS experiments, were thdi-k edge positiomvaschanging drasticallgfter
applyingOERpotentiab.2%4The measured sample might be just the irreversibly changed
material after decay of the active state
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Figure39: Ex-situexperiments of electrochemically treated samples (aEC) with XANES of a) Ni
k edge and b) of Fke edge including reference materials. All experiments have been performed
on thin films coated o Cdiscs.

For the Fek edge(Figure40b) no differences in the oxidation states were observed
aEC Both edge positions of tH#1% Fe doped Ni(OH)and the NiO(111) remain close
to the F&',0s reference material. This supports the hypothesis by Gorlin et al. in which
no oxidation state changes were observed for Fe duringigtgsi XAS experiment®f
a Ni-Femixed hydroxidé* This would explain why no changes are detectethése
experimentsHowever, there are also studies that reported visible changes of-khe Fe
edge during electrocatalysis.

The EXAFS of the24% Fe doped Ni(OH)(Figure40a) agrees with the XANES in
the sense that no changes are observed for tieddige The FeK edge, on the other
hand, has slight changes of the oxygen stoichiometry, indicated by different peak ratios.
Also, the EXAFSof the 24% Fe doped NiO(111) samfegure40) revealsno visible
changes upoelectrochemical treatmenit wasexpectedhat Fe is mixed with the Ni
phase during electrochemiaadnditioning which would have increased the overlap of
EXAFS & similar reduced distances. Howeuéthere is mixing during electrochemical

treatmentthis might be surfaceonfined.
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Figure40: Ex-situexperiments of electrochemically treated samples (al8G)EXAFS ofa) the

hydroxideand d) theoxide sampleboth including the reference distanceofi®d f r om Ni O( 11 1)
in black and Ni(OH)in gray. All experiments have been performed on thin films coat€sin

discs.

Thein-situ Raman measurementsii{OH). materials are depicted Figure4la and
b. During electrochemical treatment the weak signal that were already observed for
the powder materialaboveat about 45@m? transform into the NiOOH signals F and
G at 490 and 560 ctf3 That implies, that the oxyhydroxide is readily formed and has
very dominant band3.he characteristic peaks of-Beand of theJ or b-Ni(OH)2 could
not be resolved clearly in the spectra of the Fe containing hydrdiiseever, there is a
broad signal between Peak A and B in both hydroxide sanwhésh could be related to
the FeO vibration. This signal disappears after the potential Adid.peak< andD are
interpreted to result from Carbon of tiseibstraté’® Furthermore, Wrations from

residuals of organic precursare visible in E¢6
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Figure41l: In-situ Raman experiments after different electrochemical treatments of representative
Ni(OH). and Ni(OH}+1% Fe samples after background correctibhe experiments were
acquired with a potential hold at the end of the individual steps V vs. RHE.

The oxide materials ifrigure42c) and d) havetrongpeaks. The oxide modé&s A
and Bseem to sustain throughout the electrochemical treatment. However, the shoulder
C of the formed NiIOOH becomes visible after conditionsngd grows with further
electrochemical treatmenthe Peak B is a&composedf the initial Ni mode from NiO
and the formed NiOOHAIso, for the oxide materialthe FeO modes were not visihle

The peaks C and D correspondNi® 2P Phonon signals and bands from the Carbon

substrate.

Figure42: In-situ Raman experiments after different electrochemical treatments of representative
NiO(111) and NiO(111)+1% Fe samples after background correction. The experiments were
acquired with a potential hold at the end of the individual steps V vs. RHE.

For furtherinsights, the characteristic Ni Peak between 350 and 750 evas

deconvoluted to study differences in the composition of the material after electrochemical
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