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Abstract

Storing energy from renewablebut intermittentenergysourca such as wind and solanto
chemical bonds isne of the most promising strategies we haveréorsitingfrom fossil fuel

based technologies aaddressingheenvironmental challengege currently faceA vital part

of this strategys the production of hydrogen through electrochemical water splitting, where
the oxygen evolution reaction (OER)sidI a fundamental bottlene@ndthe ratelimiting part

of the reactionRecentffortshave focused on g@eloping efficient electrocatalysfsr alkaline
electrolysisusingearthabundant materials such as 3d transition metal oxides and hydroxides
based on Ni and Co. Notably, it has been found in previous work that cationic species in the
electrolyte can strgly influence the properties of these materi@itee exact impact of these
species and how they alter the catalyst morphology under reaction conditameyerremain
poorly understood due to lack of situ and operandomicroscopy investigations thatwveal

such changes at the nanoscale.

Amongtheimpuritiesrelevantto OER, iron (Fe)s particularly influential It has been widely
reported that incorporating Fe into Ni or-Based OER catalysts, whether intentionally or
unintentionally, significantly ehances their OER activity. However, obtaining direct insight
into how Fe alters the structure of Ni and Co (hydro)oxides during the reaction remains a
challenge whichin turnlimits our understanding of the mechanisms behind its role. A major
part of mythesis focuses on revealing the effect of Fe impurities irldatrolyteon catalyst
morphology using statef-the-art operandamicroscopy and spectroscopy methods, especially
with electrochemicdiquid-cell transmission electron microscopy (HEM). Inthe latter part

of the thesis, I will discuss the impact of a more innocuous but common cationic impurity, Na,

on the longterm evolution of Ni hydroxides reacted in potassium hydroxide.

In Chapter 31 first describehe specific changes that occur infONivhen Fe is added into the
electrolyte. To track the chemical changes arising from Fe imputigetended our EQEM
studyto incorporate timaesolved energdispersive Xray spectroscopy (EDS) mapping of
the samples under reaction conditions. Thesalts together with supporting evidence from
additionaloperandospectroscopyneasurementsn the same preatalysts reveatlthat when

Fe is present in the electrolyte during OHERyansforms the NiO surface intosuperficial
layer ofNiFelayered doble hydroxide.This continuous transformation of the surface can be

correlated with the beneficial shift in onset potential for water oxidation. The superficial layer,



however, does not grow with furthexactiontime in the presence of Finstead, Fe agggates
start to formonce theNiO surface becomes satura@mutithese aggregatgmison the surface,

leading to a decrease in the anodic curremt©ER

Building on the findings fronChapter 31 extended our investigation to the incorporation of

Fe ino Coand Nihydroxides Chapter J. Specifically, | studied the behavioof Co(OH)»
nanosheets and investigated their chemical and structural changes during OER, with and
without Fe impurities, through correlateperandomicroscopy and spectroscophiere
operandoscanning transmission-Ky microscopymeasurementwereperformedto provide
spatially resolved information about the catalyst oxidation state. The resultseckiresl
Co(OH) underwent significant restructuring Fefree electrolyte by forming amorphous
CoOHy, which was accompanied by catalyst dissolutietieposition where Co were
redeposited as Gb or Co * {hydr)oxide nanoparticles. In the presence of Fesaw
significantly less redeposition and the formation of a stable Co(Fe)OOH phase on the surface,
which | attributedto the reduced morphological changes. The lower average oxidation state of
Co obseved in our system is a direct consequence of this reduced dissokdigposition

cycle, highlightinghow the balance of restructuring, dissolution and redeposliens the
performance of Cdased catalysts and leads to a revised interpretatitre fiinction of Fe

versus that of the Co host during catalytic processes.

In Chapter 5this thesis broaderits scopeto examinethe influence of Naand K ionsin a

KOH electrolyte. Here, we compared the evolutionmedl-defined Ni(OH) nanoplates in
NaOH KOH and KOH with trace amounitsit defined impurityoncentratiorof Na“. Through

both electrochemical andgerandd structural characterizatiori, show that even traee
amounts of Naions in a KOH electrolyte accelerates fire 0-Ni©QOH phase transdn of

the catalyst, resulting in lower lorigrm OER activity. This is driven by the different
intercal ation behavi or s -N®OHmpeasdarids ta\eiichargen s .
i nt o-NiD@Hphase upon intercalation of KThe presence of &l ions, with their larger
hydrated radius, further facilitates this overcharging in mixed electrolytes by expanding the
interlayer structure. This work provides valuable new insights into the relationship between
cation intercalation and surface restruictg in nicketbased catalysts. It also emphasizes the
importance of controlling cation composition in the electrolyte to optimize OER performance.

In summary, the work described in this thesis reveals the structural changes induced by cationic

impuritiesin modelNi and Coebasedpre-catalysts for OER. Scientifically, it highlights how



we must consider the impact tife catalyst structural evolutionnderapplied potential to
obtain a more comprehensive understanding of these impurities and their assiteated
Another aspect of the work encompasses #dvancementof multi-modal operando
microscopyapproachesparticularly with the incorporation of concurrent timesolved EDS
mapping and correlativeoperando investigations combining both electron andray
microscopyinsights which will inspire the use of similar approaches towards the study of

functional materis under working conditions.

Keywords

Electrochemical ijuid-cell transmission electron microscopgxygen evolution reaction;
Ni/Co-based (hydr)oxides Fe impurities; Na“" impurities in  sitWoperando

microscopy/spectroscopy
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Kurzzusammenfassung

Die Speicherung unregelmallig verflugbarer erneuerbarer Energien aus Wind und Sonne in
Form chemischer Bindungen ist einer der vielversprechend#tesatze, aktuelle
Umweltproblematiken zu I6sen und den Abschied von fossilen Energietragern zu bewaltigen.
Zentrale Bedeutung hat hierbei die Erzeugung von Wasserstoff durch elektrochemische
Wasserspaltung, in welcher die Sauerstoffentwicklung (oxygefutemo reaction, OER)
geschwindigkeitsbestimmend ist. Jingste Fortschritte wurden in der Entwicklung effizienter
Elektrokatalysatoren auf Basis reichlich verfugbarerUBdrgangsmetalloxiden und
hydroxiden, wie Ni und Co, erzielt. Bemerkenswert ist hiedie Rolle kationischer Spezies

im Elektrolyten. Fruhere Arbeiten konnten wiederholt feststellen, dass solche die
Eigenschaften dieser Materialien stark beeinflussen konnen. Die Art und Weise, wie diese
Kationen die Morphologie des Pkaatalysators unteReaktionsbedingungen verandern, blieb
jedoch aufgrund fehlender OperandeMikroskopieUntersuchungen, die solche

Veranderungen auf Nanometerebene aufzeigen kénnen, im Dunkeln.

Unter diesen kationischen Verunreinigungen in der OER sticht Eisen (Fe) alsldrsson
einflussreich hervoliederholtwurdeberichtet, dassasbeabsichtigte oder unbeabsichtigte
Einbringenvon Fe in Ni oder Cebasierte OERKatalysatorenderen Aktivitat erheblich
steigertJedoch konnte bislang nicht direkt beobachtet wendenFedie Struktur von Niund
Co-(Hydr)oxiden wahrend der Reaktion veréandees unser Verstandnis von diesem Vorgang
einschranktEin wesentlicher Teil meiner Dissertation konzentriert sich darauf, den Einfluss
von FeVerunreinigungen im Elektrolghauf dieMorphologie des ReKatalysators mit Hilfe
modernster OperandeMikroskopie und -Spektroskopiemethoden, insbesondere der
elektrochemischen  Flussigzell@nansmissionselektronenmikroskopie elgctrochemical
liquid cell transmission electron microsco3G-TEM), aufzudecken.n einem spatereneil

der Arbeit werde ich die Auswirkungemn unscheinbaren, aber schwer vermeidbaren Na
Verunreinigungen in KOHElektrolyten auf die langfristigeEvolution von Ni-Hydroxiden

diskutieren.

In Kapitel 3untersuchech Verénderungenn NiO, die auftreten, wendem ElektrolyterFe
beigemischwird. Hierfir haben wirunsere ECTEM-Methodik erweitert, um zeitaufgeltste
energiedispersive Rontgenspektroskomaefgy dispersive Xay spectroscopyEDS) der
Proben unter Reaktionsingungerzu ermoéglichenDiese Ergebnissaeigen in Kombination
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mit OperandeSpektroskopieMessungengdass NiQOberflacha wahrend der OERn Fe
haltigenElektrolytenin geschichtetes NiFBoppelhydroxid (layered double hydroxide, LDH)
umgewandelt werdenDariber hinaus korreliert die kontinuierliche Transformation der
Oberflache mit einer vorteilhaften Verringerung 8essetzpotentials fur die Wasseroxidation.
Unter weiterem F&usatz wachst die Oberflachenschicht jedoch nicht mefattd8ssen
beginnensich nach Sattigung der Oberflache-Aggregate zu bilden, die die Oberflache
vergiften, was zu einem Rickgangsdenodenstromégihrt.

Ausgehend vorden Erkenntnissen auéapitel 3 haben wir unsere Untersuchung ai&n
Einfluss von Fe auf Co-Hydroxide augeweitet (Kapitel 4). Insbesondere habe ich das
Verhalten von Co(OH)Nanoschichtenin Bezug auf chemische und strukturelle
Veranderungen wahrend der OE®jter Absenz oder Prasenz vBe-Verunreinigungen
untersucht.KorrelierendeOperandeMikroskopie undSpektroskopie wrden insbesondere
durch OperandeRontgenmikroskopieerganzt um raumlich aufgeloste Informationen Uber
den Oxidationszustand des KatalysatmusgewinnenDie Ergebnisse zeigen, dass Co(&H)
im Fefreien Elektrolyen inamorphe CoOHy umgewandelt wurdgbegleitetvon Auflésung
des KatalysatorsowieNeubildungin Form vonCo**- oder C&*-(Hydr)oxid-Nanopartiket.

In Gegenwart von Feeobachtetech signifikantweniger Neubildungsowiedie Bildung einer
stabilen Co(Fe)OOHPhase auf der laerflache,welche den geringeremorphologischen
Veranderungeruzuschreiben isDer niedrigere durchschnittliche Oxidationszustand von Co
in unserem Systenst eine direkte Folge ed verminderten Zyklus au&uflésung und
Neubildung was verdeutlicht, widas Zusammenspiel von Restrukturierung, Auflésung und
Neubildung did_eistung von Cebasierten Katalysatordreeinflusst. Dies fihdu einemeuen
Interpretationdes Einflusseson Fe im Vergleich zu ddfunktiondes CeTréagers wahrend

katalytischer Prozsse.

In Kapitel Suntersucht diese Arbeien Einfluss von Nalonenin KOH-Elektrolyten Hierflr
verglichenwir die Evolution wohilefinierte' Ni(OH)2-Nanoplattchen inElektrolyten aus
NaOH, sowieKOH mit und ohne Zusatz geringer Mengen \ai. Durch eire Kombination
elektrochemischer Messungen U@perande) Strukturuntersuchungen zeimd, dass selbst
Spuren von N&lonen in einem KOFElektrolyten den Ubergang des Katalysatasa der b-
zur -NiOOH-Phase beschleunigewas dieLangzeitaktivitatbeziglichder OERverringert
Verantwortlich dafur ist unterschiedlichesinterkalationsverhalten der Metallkationen.
Insbesondere di®-NiOOH-Phase neigizur Uberladunghin zur o-NiOOH-Phase duh
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Interkalation von K. Die Prasenzvon Nd-lonenin gemischten Elektrolyten, mit ihrem
groRBeren hydratisierten Radius, erleichtert diese Uberladung zusatzlich, indem die
Zwischenschichtstruktuausgeweitetvird. Diese Arbeit liefert wertvolle neue Erkenisse

Uber den Zusammenhang zwischen Kationeninterkalation und Oberflachenumstrukturierung in
Ni-basierten Katalysatoren. Sigetont auderdemdie Bedeutung der Kontrolléber die

KationenZusammensetzurgdesElektrolytenfir die Optimierung der OEReistung.

Zusammenfassend offenkardie in dieser Arbeit beschriebendxperimentestrukturelle
Veranderungenyelchedurch kationische Verunreinigungen in ModeHaKatalysatoren fir

die OER verursachtwerden. Sie verdeutlicht die Notwendigkeitdie Auswirkumgen der
Katalysatorstrukturevolutionunter angelegten Potential zu berlicksichtigen, um ein
umfassenderes Verstandnis dieser Verunreinigungen und ihrer damit verbundenen Effekte zu
erlangen. Ein weiterer Aspekt der Arbeit umfasst Fortschritte bei der Khingc
multimodalerOperandeMikroskopiestudien, insbesondere mit der Einbindung zeitaufgeldster
EDSKartierung und korrelativeDperandeUntersuchungenyelchesowohl Elektronenals

auch Rontgenmikroskopie kombinier&ies wirddie EinfihrungahnlicherMethoderfir die

Untersuchung funktionaler Materialien unter Arbeitsbedingungen inspirieren.

Schlagworter

Elektrochemischen Flassigzelldmansmissionselektronenmikroskopie
Sauerstoffentwicklungsreaktion; Ni/@msierte Wydr)oxide; FeVerunreinigungen;Na'-

Verunreinigungenin sit/OperandeMikroskopie/Spektroskopie
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1. Introduction

1.l ntroducti on

1.1 TechnologicalChallenges inBuilding a Hydrogen Economy

Our mod e r reliasce an fossil fyels Bke coal and oil has led to critical issied) as

the depléon of norrenewable energy resourcasd the emission of waste gasesluding
carbon dioxide €O,), hydrocarbonsHC), nitrogen oxides NOx), sulfur dioxide 8Q), that
must be addressed quickly to reduce their impact on future generatemgaseougmissions
have in particular, contributel to sewre climate change and living cost instability
Consequentlytheworld hasincreasinglylooked towardshedevelopmentf renewable energy
sources, including solar, tidal, and wind power, ainfiorga more sustainabigay to maintain
ourway of life.22 According to the 2023 World Energy Outlook report from the International
Energy Agency,it is projected that by 2030, the global energy system will experience
substantial changes, tvirenewable energy expected to constitute nearly 50% of the global
power mix? Conventional electric power systemisowever,often face challenges due to
significant demand fluctuationsetween peak and effeak periods which makes it difficult

to rely fully on the renewable energy sourdésit are intermittert, unpredictake, subject to
seasonal and diurnal fluctuatiorend tend to be laridtensive! Therefore a widespread
adoption of renewable ergr sourcesalso requires efficient conversion and storage of
electricity derived from solar or wind energy ihbmg-term stable formghat can be storeahd
tappeduponaccordingo changingenergy demands. Thiseghas driven continuous research
effortstowards clean energyonversiontechnologies utilizing green and renewable sources.
Examples of suchethnologiesunder currentinvestigation include electrochemical water
splitting, electrochemical COreduction, metahir batteries, electrical capacisor and

reversible fuel cells.

Hydrogen (H), with its high gravimetric energy density of 140 MJ/kg, stands ouh as@
friendly and sustainableption comparedo traditionalfossil fuels, making it an ideal clean
energy carrie(Figure 1.).%57 Despite its potential, most largeale hydrogen production

methodsstill rely on methane steam reforming or coal gasificeéibhigh temperatures, which



1. Introduction

have the environmental drawbacks associated wiitle use offossil fuels. Thus, efficient
methods foprodudng hydrogenfrom water using the energy from renewaddeircesarekey
to overcoming the limitations abur current @ergy systems and achievimgr long-term

environmental goals.

Electricity generation Hydrogen storage

5
g -
[ TLI T IH
NuASE o
ARSNE SRINE FEOWN
EANFE EADTE NAERE

LI
solar | | Wind % -"c(,a, Natural gas network
|
\ ‘ ‘ :
|
ﬁ Z L L Fuel cell vehicles
Water w
Electrolysis

To overseas export

Industry
applications

oil :
Steam reformation and cracking
Gas S—
- -
|

Converted to ammonia

L

Figure 1.1 A sustainable hydrogen economy strategy incorporates renewable energy sources with

Industry
applications

electrochemical water splitting, suppiented by steam reforming and cracking processes.

1.2 ElectrochemicalWater Splitting

Electrochemical water splittinggmerges as a promising et@ndly hydrogen production
technology,potentially enabling largscale hydrogen generation while convertswgplus
renewable electrity into hydrogen chemical energyhis method effectively addresses
challenges related to energy conversistorage, and transportation, thereby promoting
carbonneutral energy cycleCurrently, water electrolysigontributesapproximately4%
product ofglobal hydrogen fuel, with largecale commercialization hindered by high costs
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and poor longerm stabilityof currentelectrocatalyst8.The electrockemical water splitting

reactionis expressed as follows:

(rie(c o %
The thermodynamic potentiaéquiredfor water electrolysis is 1.23 ¥Yaccompanieavith a
Gibbs free energy of 273 kdmol. In practical applicationsa substantially larger voltage is
generally requiretio overcome othefiactors such as thelectrode activation energy, ion and
gas diffusiordimitations, electrolyte concentratiggradientsand system resistancéherefore,
commercial electrolyzers typicallgperateat overpotentials betweeh8 and 2.0 V, which
increass coss and reducesefficiency. A major limiting factor is the lack oflow-cost but

effectiveand durablelectrocatalystéor the oxygerforming half of the reaction.

Watersplitting consists ofwo halfreactions: the hydrogen evolution reaction (HBBjurring

at the cathode and the oxygen evolution reaction (Q&&)g placeat the anode, as depicted

in Figure 1.2 These halfeactions varpasedn the pH conditions of the electrady as shown

in Figure 1.30ER, which involves a forelectronproton coupling reaction, imore sluggish
compared tohe tweelectron transfeof HER, consuming more energy and limiting the overall
efficiency ofthe system for sustainable hydrogen production. Therefore, understanding the
OER mechanism is crucial for developing strategies to accelerate its kinetics and enhance the

overall efficiency othe electrochemical water splittiritt°

d Power Supply d
| 1 | '
! LI
(n) (0)
O O
@ S O
£ 0
@) s o
0 . 0
o g 4m— @ (6]
\ & %ue
Cathode Reaction Anode Reaction
4H* + 4e" > 2H, 2H,0 - 0, + 4H* + de"

Figure 1.2 Schematic illustration of electrochemical water Splitt
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1.5
(a) (b)
\ In acidic electrolytes (pH = 0)

o 10}
5 OFR HER: 2H,0 VY ,+@H"* + 4e’, E% = 0.000 V
« \ ' 2 2+ +4e, c — Y-
o S1o .
> 05 29.0 OER: 4H" + 4" Y =1.229V
2 1.229V 02 -
;g 0.0 In alkaline electrolytes (pH = 14)
[
g HER HER: 4H,0+4e” Y 2+MOH,E2=-0.828V

-0.5 E=

=0 ..
M OER: 40H Y ,#2H,0 +4e", E = 0.401V
-1.0

0 2 4 6 8 10 12 14
pH value

Figure 1.3 (a) Thermodynamic potentiatd HER and OER in aqueous electrolytessed ordifferent

pH values under standard conditions (298.15 K, 1 gtih)\Water splitting reactions under acidic and

alkaline conditionsO andO representhe equilibrium hakcell potentials at the cathode and anode,

respectively.

1.3 OxygenEvolution Reaction(OER)

The mechanism of OER istricateandclosely linked tahesurfacestructure of the catalysf
Despite extensive research over the past six decadestill do not fully understand ho@ER
progresse both acidic and alkaline electrolytEsvarious moels have been proposed based
on kinetic studies and density functional theory (DFT) calculafidbsf these models have
yet to be fully validated by experimental resuldsie of the most widely accepted mechanisms
is the AdsorptiorElectrolyte Mechanism (AEM), which involves a feelectron transfer
reaction pathway and three adsasptintermediates: MD (anoxygenadsorbed at the surface
site), M-OH (a hydroxyl adsorbed at the surface )sissmsd MOOH (@ hydroperoxyl adsorbed
at the surface sifeas outlined infable 11. In this model, M represents the active sitethe
electrodeRegardless othe pH conditionsthe geneal sequence of reactions in AEb&gins
with the formation of the MOH intermediate, which is then oxidized to fotime M-O
intermediate. The release oftBenproceedvia two possible pathways: i) Direcaghway In

this pathway, two MO intermediates combine directly to generate i) Indirect pathway:
Here, the MO intermediate undergoes further oxidation to form th€®®H intermediate,
which subsequently forms 3! The specific reaction pathways and kinetics are significantly
influenced by the binding energies of the OERiimtediates (MOH, M-O, and MOOH) on

the catalyst surface. These binding energiesessentiah influencingthe effidgency of the
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OER process, as they affdabie stability and reactivity of the intermediates involved in the
reaction. Understanding thesgeractions and optimizing the binding energies are key to

improving the performance of OER catalysts and, consequently, the overall efficiency of
electrochemical water splitting.

Table 11 Mechanism of OER in acidic and alkaline electrolytes.

Electrolyte Overall reaction Intermediate reaction steps
M+ HOU M-OH + Hr + e
Direct M-OHU M-O + H + e-
pathway )
2M-OU 2M + O,
Acidic _ N ) -
electrolyte 2= A0 (e Al = M+ H,0U M-OH + Hr + e-
Indirect M-OHU M-O + H + e-
pathway|  M-O + H,OU MOOH + H +e-
MOOHU M+ O, + H* + e-
M+ OH U M-OH+ e-
Direct M-OH + OHU M-O + HO+ e-
pathway -
2M-OU 2M + O,
Alkaline = -
+ i
electrolyte | TOm Y Ozt 2H:0+de M+ OH U M-OH +e
Indirect M-OH + OHU M-O + H,O + e
pathway M-O + OHU M-OOH +e
M-OOH + OHU M+ O+ H20 + e

The catalysés intrinsic electrocatalytic activity and reaction kinetics can be deternhbiped
analyzing the changes in the Gibbs free endedgy) during the electrochemical reactith
Both acidic and alkaline OER mechanisms involve the same intermealiatesh elementary
step, meaninghatthe free energy changesrfOER in both environments can be described

using the same equationBherefore the acidic notation is used &xplainthe free energy
eqguations for each step:

30AO VY Yy  zA5 Q41 % Rp&
30AO V¥ y zA5 Q41 ( % Rp&
30AO V¥ y zA5 Q41 ( % kp&
30AO VY y zA5 Q41 ( % Rp®

Here, U representshe pdential against standard hydrogen electrode (SHE) under standard

5
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conditions (pH =0, P = 1 bar, and T = 298.15 &)dks is the Boltzmann constarithe step
with the highest Gibbs free energy change among these steps defines the oviesaftegib
energychange folOER @Goer), as shown in the following equation:

YO i Agoloorwo Y % Rp&p

In principle, OER on a given catalyst can be limited by any of these four reaction steps.
Accordng to DFTcalculations, the therachemical free energy changes forQH, M-O, M-

OOH, and Q@are expected to be 1.23, 2.46, 3.69, and 4.92 eV, respectively, for an ideal catalyst.
This implies that the free energy difference betwee@®@®H and MOH should be 2.46 eV,
independent of the sate binding strengtiience a potentiabf at leastL.23 V is required to
initiate the reaction as illustrated igure 1.4 The actuabverpotentialafter accounting for
activation barriers and reaction resistarises averageabout3.2 + 0.2 eVandhasnotvaried

much betweerthe varioustypes ofcatalyss developed so fa In practice electrocatalysts for
OER araalsoevaluateased omdditional performanceetrics suchasthar reaction kinetics

and active surface areto better define the cataltic activity. The electrochemical
measurements used to obtain these metriit®&vdiscussed later in the Methods section

ye G
OOH y
O,+4H"+4e
H,0+0q) +3H+3e
o E,;-E%=d < 0
+2H"+2e &q
+H+e" ®Q
2H,0 ®G
®G
E,-E%=d =0
E;-E%=d > 0

Reaction coordinate

Figure 14 Approximate Gibbs free energy diagram for chemisorption of the intermediatgation

to the reaction coordinate§he Hue and red lineeepresenthe energy profiesof typical (rea) and an
ideal catalyst, respectively, at threstitictelectrode potential§.he dashed lines indicatbeenergetics
at the electrode potential where all thermochemical barrgees absent, referred to as the
At her mochemitad all cepresedGre® energies of each elementary steps. Théined

signifies thedeal casef a catalysexhibitingzero overpotentiaf
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1.4 Transition Metal OxidesHydroxides asElectrocatalystsfor

OER

A varietyof materials have been employed as OER electrocataygts. e mp | @ yae Gn g
as the descriptotheexperimental overpotentials amiA 'Caatwere found to correlate well
with the theoretical overpotential volcanplots constructed fromvarious metal oxide
surfaces?depictedn Figurel.5. While noble metal oxidesuch asrO; are still the benchmark
catalysts in terms of performangceurrentresearch effortare shifting towardsnon-precious
materialsthat are technicallymore costeffective and availabldor largescale industrial
deploymerg.'* Such candidate catalysts includeansition metabxides, -hydroxides, -

sulfates/phosphatesphosphides,-chalcogenidesborides, -nitrites and -sulfides® 1% 1°

G

Several of theesystemshowever suffer from severe degradation under reaction conditions.

Neverthelesstransition metalbasedoxides, and-hydroxides havegarnered considerable
attention and have been intensivetydieddue to the& appealingcatalytic performanceén

alkalinesolutiors 16
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1.4.1 Transition Metal Oxides

Transition metal oxidegincluding spinel and perovskite oxidedave beenextensively
employed a®©ER catalystswhich can be attributet their lower costabundance, corrosion
resistance antheir interestng multivalent oxidation staté$'® Thesecharacteristics make
them highlyattractivealternatives tqreciousmetal catdysts Additionally, transition metal
oxides can be further enhanced through appropricdéalyst designstrategies such as
controlling the morpholog and electronic structure optimizaticas well as hybrid structure
integration Among these material$yiO and its derivatives are typical resklttype oxide
materials that have been extensivetydied in OERapplicationsin rock-salttype oxides
(denoted as AO), bothations and oxygen aniorexhibit regular octahedral coordination,
forming a threadimensional network of edeggharing octahedns, asdepictedin Figure1.6.

NiO specificallyhas three thermodynamically favorable crystal facets, including (100), (110),
and (111)Theoretically the (100) crystal plane of Ni@3 predicted to be the most staléh

the best adsorption energfyDespite these theoretical advantages, &ligractical efficiency

is often lower than predicted due to its imperfect crystalline form inwedd applications.

To enhance Ni® OER activity, resschers commonly introduce heteroatom metals, such as
Fe and Co, into its structufé??> These modifications alter the electronic structure and
intermediate bond strengths, thera@tprovingthecatalytic performance. For example, Zheng
et al. demonstrated significant enhancementhlercatalytic activity by introducing Fe and F
heteroatoms into NiO hollow spheré&This synergistic modification effectively increased the
exposure of active Ni sites on the surface, enhancing overall OER efficiamrtlyermorein

many of these cases, the most active species are not the crydtattime amorphous phases.

oo @

Figure 1.6 Fm-3m rocksalt structure with octahedral coordination of nickel (blue), with oxygen (red),

structure. Structural models are plotted with VESTA.
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1.4.2 Transition Metal LayeredHydroxide

Layered hydroxidetypically exhibita brucitetype structurewhere metal iosarehexagonally
coordinated with sixhydroxyl groups* There are two main phases lmiicite-type layered
hydroxides b- and U-polymorpts.?® The b-form of these hydroxidetypically exhibits dayer
spacing of about 0.46 nin the absence @iy guest species, veneashe Uform has a larger
interlayer spacing (> 0.80 nm) duettee intercalation of various anions and water molecules
in the interlayer galleryThis results in amplex interactioa between th intercalated species
and the adjacent layers, includimgdrogen bonding with the hydroxyl groupsioéhost layer
andelectrostatic interaction3he typical structures of brucitgpe materialareillustrated in
Figurel.7. In general, Igered hydroxides normally adopt a lamellar or pldée morphology

due to the intrinsic hexagonal-plane symmetryMost M?* transition metal sites adopt
hydroxidestructuressuch as Zn(OH) Mg(OH),, and Ni(OH). Among them|ayered Ni(OH})

and Co(OHy, from the first row of transition metals-fdock)in theperiodic table havgained
increasingattention as OERatalyst?* Pure Ni(OH), and Co(OH)arg howevernot effective
OER catalystsdue to their relatively low iminsic activity and poor conductivityThese
materials often suffer from limited active sites and rapid deactivation under operational
conditions, which hampers their overall efficiency in drividgR. Additionally, the structural

and electronic properteof these hydroxides do not favor optimal adsorption and desorption
of reaction intermediates, further reducing their catalytic performance.

Considerable efforts have recently been dedicated to engineering Ni-lbbas€olayered
hydroxide catalystaith high OER performancéy incorporatng other transition metal
elementsand studying these materiailssing advanced characterization techniq@er the
past few decadeshe impact of Fe incorporationon enhancingOER catalytic activityhas
garnered signitiant attentiort®?’ Hickling and Hill observed the positive effect of Fe
impurities from the electrolyteon Nibased alkaline batteriedy reducingthe onset
overpotential of OER and decreasthg cell voltagén alkaline solutios.?® Subsequent studies
have further demonstrated tthistinct effect of Fe in improving OER performance and alteri
the redox peak of Nior Cobased catalysts:or instanceTrotochaudet d. found that the
introdudion of Fe impacts the electronic structure of NiOOH, resulting in a partial charge
transfer activation effect on Nites?® Later, Friebelet al.identified octahedral sites occupied
by active Fé' species with short F& bords in NiFebased hydroxidegesulting in optimal
intermediate oxygen adsorption energfefurtherwork by Hung et al®! showed thathe

incorporation ofFe resulted in the confinement @fo to the tetrahedral sitesjcreasing the

9
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availabilty of highly reactive OER siteand leading to significantly increased activity
Moreover,Ou et a? demonstratethat the synergistic interaction between multiple Fe species
and host metal atoms facilitates the delocalization and stabilization of oxidation charges,
crucial for creating low overpotential pathways for OER.

o H,0 © 0 @ M* © Anions

Figure 1.7 Schematic illustration of the crystal structurega)b-M (OH), and(b) U-M(OH). Structural
models are plotted with VESTA.

1.4.3 Layered Oxyhydroxides

We also know thatayered oxyhydroxides emerdem the layered hydroxidere-catalyst

structurs during the OER process. The characteristics and redox profpes of the
oxyhydroxides derived from layered hydroxidase still being actively investigated to
understand their role in enablirdficient catalysigiuring OER. In these materials, transition

metal cations in higher valence states act as electron tacgepacilitating OER by
accommodating the electrons geated during the reaction steps. Typically, single transition

met al oxyhydroxides exhibit two main <rystal
Ni OOH features shorter i nterl ayeNO@H s ances
slightly longer inerlayer distancesf around 7 A, attributed to intercalated water molecules

and other cations present in the structdrhe transformations between different phases of
Ni(OH)2/NiOOH are weldocumented, as depicted in the Bode diagfam.

10
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Figure 1.8 The general Bode scheme representationhef relationship between hydroxide and
oxyhydroxide Ni surface states formed during the chdigeharge cycle in alkaline media.

Her ean dNi®OH):r epr esent reduNiedOHK t-Hi®d@Hsrepresertt i | e b
oxidized statesqigure 18) . Dur i ng t h-Bi(OB)EURdemoes axidasion to fotth

t h&i O®OH phas eN(OHpo i & a FNEOH. AtcighHer potentialf)-NiOOH
further oNQOH,iwkhetlee average oxidation state of Ni reaching approximately

+3.6, where Ni' is partially oxidized to Mi*. Understanding the oxidation/reduction sequence

of Ni(OH): is critical because similar phase transitions @vserved in other redeactive

layered hydroxide materiafé However, besides these welfined phases, other intermediate

phases can also exist during the OER process. For insfaeggusstudies have identéd

t haNi @OH transf or ms i n-NiOOH abdve 8.52Vr<Elg/HgP,lasas e ( n
revealed byn situRaman spectroscopyThisobsev at i on al i gns -NgdH):h f i nd
at |l ow KOH concentr at i onNOOHxpdtehiiatyemtainim®a uni g
defects formed by substiut i on al d epliaset® Fusthericompleixity & th&) OER

process on nickel electrodes has been investigated bylelisop et al., where neithet

Ni(OH)2 n o rNi(®H)2 forms at low potentials. Instead, a third phase emerges from metallic
nickel, indicating a more intricate oxidation pathway than previously understood with simple

phase transition¥. Thus a nuanced interplay of phases and transformatist inlayered

11
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oxyhydroxides derived from layered hgdides, such as Ni(ORNiOOH, during the OER
processandinfluence their catalytic activityrurtherinsightinto these processeéscrucial for

optimizing these materials for efficient electrochemical applications.
1.4.4 Layered Double Hydroxides

Anothe important groumf OER electrocatalystsased orhe brucite structures the layered
double hydroxides (LDB).%8 LDHs consistoof M?*ions (M= Mg, Mn, Ca,Zn, Cu,Co, Fe, or
Ni) substituted with M" ions (M= Fe,Ni, Co, Al, or M), alongwith anionssuchas#l ," O,
#1 ,. | ,3/ orwater molecules in the interlayer space, as illustrat&dure1.9. The
presence of multivalence ions results in a positiverge for the hydroxide layers, which is
compensatedy lightly bonded anionsLDHs exhibit long interlayer distancegypically
ranging from 7 tal0 A, depending on the type of anion in the interlayer sp&e.general

formula of LDH can be written as,
- - A 8 7a(/ % P ¢

where x representthe molar ratio of the trivalent metal iodidenoteshe anion in the interlayer
spacen is the charge of the intercalated anion, anddicatesthe amount of water in the

interlayer spacé®

LDHs are valued for their unique properties, toleacomposition, and spacious interlayer
regions, making them attractive candidates for applications in OER electrocatamsisg
LDHs based on 3d transition metéi, Co, Fe,and Mn), NiFeLDH has garnered significant
attention as an active OER magdriNumerous studies have synthesized NiB&ls by
optimizing synthetic parametel$. 4®4! Experimental investigations, supported BFT
calculations, attribute enhanced OER efficiency to the flexible electronfiguration of the

Fe sites and their synergistic effects with neighboring Ni sites. Additionally, adjusting the
valence state of Fe can influence the OER performance ofINDHs by altering the crystal
structure of the cataly4t.The incorporation of Fé andsubsequent transformation to*F
NiFe-LDHs induces intrinsic lattice strain, which plays a critical role in enhancing the
materials OER performance by creating more active sites and modifyingottrelication

environment of metal and oxygen atoms.
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Figure 1.9 Schematic illustration of layered double hydroxid&! khd M* ions are surrounded by six
hydroxides in distorted octahedral coordination.

1.5 The Effect of Fe in Ni and Cebased OERCatalysts

The incorporation of Feinto Ni and Coebased OERcatalysts significantly impacts their
catalytic performance and surface structééhough Fe is known to enhance OER activity,
the precise mechanisms by which Fe b®@HER activity and altethe catal/st surface layers
are not yet fully understood and require further investigatDifferent roles for the
incorporatedFe have been proposedl the incorporatiorof FE* into NiOOH and CoOOH
induces the formation afDH phases, providing larger numbeof catalytically active site¥

4344 i) Fe®* beingthe primary active sites, with NiOOH and CoOOH matrices serving as
conductive medid? #%iii) Fe3* indudng further oxidation of OERactive Ni and Co specié$

47 iv) Fe** hindaing the further oxidation of Ni and G§°! together withv) somestudies
claiming Fe** remainsunoxidized® “®while other studieglaimingthe presencef Fet* 5253
Beyond surface structure changes due to Fe incorpordabberateé-e doping also influences
the morphological evolution of Ni and Co catalysts under OER conditet®nt findings by
Cheraparambil et ateveal@ that Fe impurities entering the LaNi@erovskite structure lead

to A-site dissolution, vacancy formation, and amorphization of surface layers enriched with Ni
oxyhydroxides, Fe oxyhydroxides, and®iFe coordinated environmeritsAdditionally, the
structuesof Ni and Cebased catalysts, as well as @e, Ni, and Fe sitesre dynamic under
OER conditionswith newsitesarisingdue todepositon from the electrolyteas well agrom

Fe dissolving The maxmal OER activitydepends not just on the Fe contenNi®xHy and
CoQOHy but also on the precise location of Fe and its interactions within the catatyst

13
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the role of Fe doping in Ni or Gloased hydroxides/oxyhydroxides remains a topic of debate,

necessitating ongoing efforts to elucidate its mechanistic effects on enhancing OER activity

1.6 Influence of Electrolyte Cation Species

In additionto the development of catalyst materials, the electrolyte compola®hbeen found

to play a crucial role in OER. For example, studies have demonstrated that alkali metal cations
from commonly used electrolytes significantly impact OER performancey Esséarch by
ErdeyGruz and Shafarik indicated a decrease in OER activity in the ordef of Mig®* >

Na'> zZr?* > AI®* > K* 55 ConverselyGarcia et alreported a different trend with Cs Na' >

K* > Li* on NiOOH in purified electrolyte¥. Li et al. further demonstrated varied activity
trends in cationic electrolyte solutions, where' 6sK* > Na* & “Liri Fefree solutions/
consistent with findings by Kitchin and-eworker$®. The need to understand these défees

in reportectation effectdhas led to further experimental and theoretical investigations to unveil
the interaction mechanisms between electrolytedoisch as alkali metal cations, metal
impurities, carbonate aniodis and the reactants or the catdlgurface throughout the OER
process® So far, differenimodels have been proposed to explain these effects, including the
effects of cations on the local electric fields, structural organization ofdntarwater, pH
buffering at the electrochemical interface, stabilization or destabilization of intermediates,
chemical interaction between cations and intermedtdts shown irFigure 1.10a

While mog studies have concentrated on the impact of alkali cations on the kinetics of catalysts
cations also intercalate into the layers of oxyhydroxide materials, leading to the expansion of
t he cat al yst 6 $Vhan cationg inteacylaer intoshawaierials, ghegancause

the layers to separate slightipndincreag the spacing between theifhe insertion of cations

into their structure could modify their activity by changing the electronic environment or the
arrangement ofhe active sites wheréhe reaction occuygpotentially changingits catalytic
performance Despite the potential importance of these changes, our understanding of how
intercalation affects the active structure of electrocatalysts is still linltedent research by

van der Hgden et al.indicated that incorporating small amounts of Li into NaOH enhances
the OER activity of NiFeOOH due theimproved Na intercalatiori{gure 1.10p.°° However,

this enhancement was evaluabated on initial activitylt did not take into account how the
catalyst nay change over extendeperiods of use, including potential restructuring or

degradation that could impact its letegm stability. Thisgap highlights the need for more
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comprehensive research to fully understand the implications of cation intercalation, not just on

initial activity but also on the durability and overall lifecycle of the electrocatalysts.
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Figure 1.10(a) Schematic of alkali metal cation effects on electrochemical reaétiBegrinted with
permission from (ChemCatal, 2024, 4, 100823). Copyright 2023, Elsevier Inc. (b) Schematic
description of the addition of LiOH to NaOH at constant pH results in improved OER rates of NiFeOOH
due tothe mitigation of nonkinetic effects. This is du® theincreased intercalatioof sodium, water

and hydroxide into the layered material in the presence *dP IReprinted with permission from
(Angew. Chem. Int. Ed., 2024, 18, 63). Copyright 2023, the Author(s).

1.7 Understanding Surface Restructuring of Electrocatalysts

In recent years, there has been increasing interestderstanding structural transformations
such as metal surface oxidation and surface amorphization of metal oxides@ERn§or
instance, in alkaline solutions, NiO spontaneously transforms into Ni(GM)ts surface,
which further oxidizes to NIOOHnder anodic potentials. The electrocatalytic performance of

these catalysts crucially depends on therking structure, which determines properties like
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activation energy, active surface area, electrical conductivity, and energy Barders.
fundamental questioa r i s basis the Aature of OER catalysts under working conditions?
Advancesdn sitoperandocharacterization techniques, including microscopic methodaayX
diffraction (XRD), and spectroscopic characterizatidmsye led tovaluable insights into
surface reconstruction and the real active species of transitionlmastal electrocatalysts. For
example, Deng et al. utilized electrochemical atomic force miopys¢EGAFM) to study
morphological changes during OER in Ni(Qhlanosheets with Fe incorporation, observing
the conversion of nanosheets into disordered nanoparticles and the rapid deposition of Fe
resulting in FeQHy deposits atop NigHy nanosheettogether with the volume expansigh
Williams et al. used E\FM to study the normonotonic evolution of Co(OH)nanoplate
morphology during oxidation, revealing approximately 10% expansion on average. They
highlighted local heterogeneity in morphology through differenthiaigages and line scans

in AFM.®2 Kuai et al. investigated the dynamic dissolution/redeposition and lattice
incorporation processes in 4Ne hydroxide catalysts using synchrottmased X-ray
fluorescence microscop¥hey found that Fe segregatiand the formation of FeOOH phases

led to catalyst deactivation, with higher incorporation rates of Fe species observed in the active
OER sta¢ as compared to the dormant st4#&° Bergmann et al. observed the amorphous
transformation o004 under increased anodic potentials, employinga)X absorption near

edge structure (XANES) and extendeday absorption fine structure (EXAFS) analyses to
propose the active structure of40a as Co&(OH)y with di-e-oxo-bridgedCo*"** ions at the
surface®® Later,Haase et al. observed irreversible formation of Q@mM), with primarily di-

g-oxo bridged C# species under electrochemical conditions ugingitu X-ray absorption
spectroscopy (XAS), noting reversible oxidation and contmaadf the CeO bond during
OERS®” While each telsnique provides unique capabilities, advantages, and limitations for
studying different structures of active sitdggse advancements underscore the importance of
integrating multiple characterization methods to gain a holistic understandihg aHtalyst
behavior underrealistic operating conditions, as summarizedTimble 12 summarizes

comprehensively.
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Table 1.2 Summary oin sitWoperandocharacterizations for theconstruction

Microscopic characterization

Diffraction and Spectroscopic

characterization

Techniques SEM TEM AFM XRD XPS Raman XAS
Sensitivity Surface Bulk/Surface Surface Bulk Surface (near Bulk Bulk
surface)
Highly
sensitive to
n S " electronic
. Realtime Quasiin situ Real time
Real time n Surface " n S . structure,
observation of irﬁzalirgm;? morphology t;a:cl;;glg Imé?iﬂ?gé%ns tgcel(r;?igc;f coordination
material gingot and Y environment,
Pros morphology mat er.i roughnessit structure elemer?t_al bonds and bonding
ouerlrge | SIS ighspse | 0OPICSE | CoMBOStan, | conPOUnS: 3 speng, and
R 2 e S of materials | valance states| intermediates DI P
of the absorbed
atom in a
material
Limited _ Averagel
- L . information for
Lower spatial .L'm't?d - sensitivity Limited LOV:I s_patlal valence state of
resolutionand imaging L'm't?d to application resolution and bulk and
: range, scanning amorphous - unclear )
stringent . d and condition due bina d surface mainly
Cons operandocel stnngdent I speed an Strgcmri to the pro 'i?g depth bulk sensitive
design and operandoce requires andwea restriced ard with limited
design and largelyflat scattering . quantification L
measurement ial . lick maximum d h sensitivity to
condition measurement|  materials in soli pressure ue to hot the surfaceno
condition liquid spots :
. spatial
interfaces -
resolution
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2Met hodol ogy

2.1 Electrochemical Methods

2.1.1 Overpotential
According to the Nernst equation, the applied potential caegresente asfollows in Eq2.1,
o o Ji % R,
£ OB

whereE denote the applied potentiavhile O representshe standard electrode potenfiad
the overall reactiorF is the Faraday constamR;is the universal gas constamtindicatesthe
tempeature; n is the electron transfer numbers; andand® are the concentrations of
oxidized and reduced reagents, respectitThe thermodynamic overpotentidgnoted ag,
representhe difference inpotential between thactualmeasured potentidE) requiredto
achieve aspecificcurrent density ahthe theoretical thermodynampotential (Eeq) for the

OER undeidenticalconditions
s % % % &8

Assuming wecan find catalysts that fulfil both the Sabatier @nel BranstedevansPolanyi
(BEP)principles, beidealoverpotential izera In reality, ahigheroverpotential is invariably
required for OER due to the activation barriers, concentrafitrediffusion layer and contact
resistanceMinimizing this overpotential ishus desirable andan be achieved through the

careful design othe catalytic materials. A lower value dimeanshigher activity of a catalyst.

The onset potential is crucial for evaluating the overpotential needed to initiate electrocatalytic
current. This onset potentials usually definedoy two different approaches. One involves
determining the interseciy potential between the tangents in the-favsadaic and faradaic

regions of the currergotential curve. Anotheone is to establish the potential at which the
electrocatalyst achieves a specific currentdgnsitl n gener al , ioolmdeddtoover po
achieve a current density of 10 mA épmormalized to the geometrical area of the electrode

as recorded by linear sweep voltammetry (LSV) cuive&commonlyusedto evaluate and
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rankthe OER electrocatalysté There is no physical difference betweersttevo definitions

of onset potential However, d obtainedunder different conditions may not be ditlg
comparabledue to varioudtherinfluencing factors in electrochemical testiddgthoughd is

often used as a benchmarking for evaluating the efficiency of electrocatdlystp r e s ent s
oversimplified view of the actual electrocatalyslisprimarily considers binding energies
(thermodynamics) and neglects kinetic information and assumes that the composition and

structure of electrocatalysts remawnstant as the overpotential increases.
2.1.2 Tafel Slope

To evaluatehe kinetics and reaction mectsms, particularlyor elucidatingrate determining
steps and reaction pathwayafel slopemeasurements are often uséthe kineticsin an
electrochemical systeim usually describedith the ButlerVolmer equation. The Tafel curve
is derivedby transfaming a polarization curvénto a plot oflog(j) versusd. The slope of the
linear portion of the Tafel plotescribe the relationship between the-d@mpensated

overpotential and the current densggeEq.2.3:

. dmno24
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wherej is the current density per geometrical electrode &asthe ideal gas constant,s

the absolute temperature in Kelvihis the Faraday constatitjs theso-called charge transfer

efficient, n is the number of electrons transferred (4@&R) andb is the Tafel slopé® The

Tafel slope valueanceptually indicateBow quickly the overpotentiatises withanincreag

in current densitySincet he Taf el sl ope i s on(withaliotherer sel vy
parameters beingonstanty a smalér Tafel slope indicatea high charge transfer capability
andsuperior kinéics ofthe reactionmeaning that a lower overpotentialnscessaryor the

same increment in current density
2.1.3 ElectrochemicalActive Surface Area

The electrochemical active surface area (ECS&Ayes to link theactive catalytic sites of the
cablysttot h e ¢ advedll gcsvitydfacilitating thecomparison and benchmarkird
different materials®® The reliable and accurate determination of ECSA is a critical step in
assessing the intrinsic catalytic activity of complex electrodes. In electrochemistry, mgasuri
double layer capacitanc€{) is a common approach for probing the ECSAs of differe

electrode materialsThis is typically done using cyclic voltammetry (CUhder the same
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electrolyteconditionsin the nonFaradaic regions, where no oxidation/reduction reactions take
place, instead, only adsorption and desorption processes occunofkiaradaic range is
usually a 0.1 V window centered around the epiecuit potential (OCP) valueyhere the
measured current in this range is associated with the swodatelled capacitive behavior
(doublelayer charging). Based on this assumptibie, double layer capacitandgqf) can be

expressed as:

, YeE E vk
Cd ’

where’Qand’Qare anodic and cathodiarrrent densities at the midpouftthe potential range
and 3 i s t heldsiogahe C\V neetisameeit he BGSHA of the catalyst can then
be calculated according to the following equation.

# .
%#3!#— %KD

whereCs is the specific capacitance thie electrode, typicalliaken as 04mF cm?in 0.1 M
KOH.%8 By establishing the ECSA, researchers can effectively compare the intrinsic catalytic
activities of different electrocatalystéd obten a basis for optimization and improvement in
catalyst design.

2.1.41dentifying Redox Transitions and Catalyst Stability

In termsof evaluatingredox transitions and catalystbility during OERwe typically employ

cyclic voltammetry (CV), linear sweepltammetry (LSV), and chronoamperometry (CA)
measurementLV is an electrochemical technique that egdhe potential of a working
electrodewhile measuring the resulting curreft/e can theruse the current response to the
applied potential excitatiosignalto detectreduction and oxidation reactian the metal in

the catalysundergoes oxidation under measurement conditions, the CV reveals an oxidation
peak, providing insights into the real active sites of the OER catdl§®t, another
voltammetic method, records the current at a working electrode while linearly varying the
potential between the working and reference electrodes over time. It is particularly useful for
assessing the overall catalytic performance and efficiency of OER catalysts.
Chronoamperometry (CA), meanwhile, is employed to investigate the stability of OER
catalysts. This timelependent technique appliesanstanipotential to the working electrode

and tracks the current generated by the Faradaic process occurring at theestescer function
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of time. It provides valuable information on the durability and {ergn performance of OER

catalysts under operating conditions.

2.2 Transmission Electron Microscopy of Electrocatalysts

2.2.1 General Concepts of Transmission Electron Miroscopy

A major component of the researishbased on transmission electraitroscopy(TEM) and

so, the technique will baliscussed in more detail hede. TEM, an electron bearpasses
through a thinspecimen andnteracts wih it. These interactionshen transfer valuable
microstructural informatiormboutthe sample to the transmitted and scattered eles;teoml
alsogenerate secondary sgys that can be used to characterize the safipéeelectrons can
be used to formhigh spatiatresolution imags and provideinsight intothe crystallographic
phaseorientations while the spectroscopic signatures can provideeteenental composition

of samplesT E M @tsity rangesfrom materials science to biology, offering unprecedented
insights into the nanoscalgorld of matter.Particularly, a modern TEM ability to image
materials structure at stmgstrom resolution together with its related spectroscopic
capabilities such as energispersive spectroscopy (EDS) or electron endogy
spectroscopy (EELS) allesmt to occupy a unique nictenongthe techniques fomaterials

characterization

A conventionallEM typically consiss$ of several kegomponentsanelectron gunanelectron
column,anelectromagnetic lens system, detectaspecimen/sample chambamain control
panel and operational controls, aatimage capture systefihesecomponents arerganized
in averticalcolumn with the electron gupositionedat the topTheoperation of TEM involves

several basic stegsigure 2.1

1. Electron Beam Garation: The electron gun, typically made fromheated tungsten or
field emission filamentemitsa stream of higkvoltage electronsThese electrons are then

accelerated ithe electrorvacuum toward the specimen using electric potentials.

2. Beam Focusingfhis stream is confined into a thin, monochromatic, focused electron beam

using electromagnetic lenses.

3. Interaction with Sample:This electron beam is directed onto the sample using
electromagnetitenses At low magnification, a spread beam is used ltgniinate a large

area; at high magnification, a strongly condensed beam is lm$edactiongas shown in
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Figure 2.1) occur with the irradiated sample, affecting the primary electron beam and

generatingsignalssuch as secondary electrons or charactenstiays.

4. Image FormationSignals from the interactioleavethe object, reaches the objective lens

andforms the image. The image is greatly enlarged by a projector lens.

Additional spectroscopic informatioabout the samplean then beextracted conarrently
through the addition of specialized detectors for scattered eleckenays,and light(Figure
2.1.h.

(a)  Electron gun (b) Incident electron beam

y

Back-scattered
electrons

Anode Characteristic X-rays

Visible light

Condenser lenses

e Auger electrons
s TEM specimen
L
R

Secondary electrons

Sample Absorbed electrons Electron-hole pairs‘
—cc

Objective lens ,

Intermediate lens P

Projective lens 7
Inelastically scattered Elastically scattered

Fluorescent screen electrons Transmitted electrons
CCD camera electron beam

Figure 2.1 (a) Working principle of transmission electron microscopy (TEM), and [@jtren

interactions with thepecimen.

2.2.1.1 Scanning Transmission Electron Microscopy

For thework described in this thesis, the TEM is mostly operatescanning transmission
electron microscopgr STEM mode. Here, rather thBotrminga beam, thexcomingelectrons
arefocusedinto a narrowpoint by the imagingptics and then scanned across the sample. In
STEM, the primarycontrast mechanism i&-contrastbased on the scattering thfe incident
electronsaccording to the specimé@natomic number (Z). Higher atomic number eletaen
scatter electron higher angles and sdjfferent images can be formed by collecting the
electron scattered to different anglesng an annular detectdrarticularly, by choarg the
electrons scattered to high angl@se can fornhigh angle annalr dark fieldHAADF) images

with strong Zcontrast.This contrast mechanism allows for the differentiation of materials
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based on their atomic composition, makihgspeciallyuseful for analyzing heterogeneous
materials, such as those where heavy atengs, (metals) are embedded in lighter matrices like

oxygen(O) or carbon(C). Thisoperatingnode is alsthe default mode for chemical mapping.
2.2.2 Analytical Electron Microscopy

When electrons interact with the specimen in TEM, theyalaaleadto the emission of
different signalsthat range fromX-rays (EDS), light (cathodoluminescenbgckscattered
electrons, Aiger electrons, secondary electrons, inelastically scattered electrons (energy loss
spectroscopy), and elastically scattered electronggdifon). Each of these signals provided
valuable information about t he spekddaemlenos

briefly cover the two spectroscopic techniques used in this thesis
2.2.2.1 Energydispersive Xray Spectroscopy

EDS employsa silicon drift detector(stateof-the-art) to measurghe characteristiX-rays
emittedfrom thespecimerand sort them according to their energ®g comparing the energy
spectrumof the detected Xaysto known characteristic Xay energ spectrafor different
elements, the elemental composition of the specimen can be deterBD&dspectrum
analysiswith peak fitting qualitatively identifies which elements are present, while semi
guantitatively estimating their quantities with an accuracy of appmteiyna few percenEDS
haspoor sensitivity towards very light elements like boron (B), carbon (C), nitrogen (N), and
oxygen (O)but for other elementdt hasminimum detection limg in the range 00.1~0.5

wit%6.%°
2.2.2.2 Electron Energy Loss Spectroscopy

EELS usesthe energyossexperienced by electrons teey are scatteed inelasticallywhile
they propagate throughe samplefor olbtaining chemical state information about the sample
Particularlythe EELS spectrum carridsothcompositionahnd oxidation stat@formation as
well asits vibrational characteristi@herefore EELS is valuable for both qualitative and semi
guantitatve analysis, offering high sensitivity to light elements, including lithitihespectral
featuresfoundinan el ement 6s abkdcentin ipformation abouhg ratire of
the atomic bonding within the material. Therefore, EELS can identifpmigtthe elements
present but alstheir oxidation stateén a spatially resolved mannénother piece ofaluable
information that onecan obtain from the EELS spectthat is especially relevant to

experiments described in this thesithistotal thickress of the sample (liquid cell window plus
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liquid layer)which can estimateftom the ratiobetween the number @fansmittegdzero loss

electrons and thotal number ofincident electrongbasedoB e er 6 s | aw) .

2.2.3 Electrochemical Cell TransmissionElectron Microscopy

My researchfocuses orusng a relatively new technique, liquid celEM to visualize the
restructuring of electrocatalysts under reaction conditiorsuch an experimejthestringent

vacuum conditionsequired bythe TEMsourcearemitigatedby usingminiaturereactioncells.

In 2003,Frances Ross pioneergte development of magsoducibleii | i qgelisb d i nt ri gui
already with integrateelectrical biasingapabilities’® opening new avenues foasicresearch

and commercighroductsSi nce Ro s s 0 s curemlycanenerciahliguideed TEM,

holders have largely retained the core design principles iatroduced, though with
incremental improvement$’4 Companies such as Hummingbird Scientific and Protochips

now offer commercial TEM holders with temperature and electrical biasing, as well as

automation fotong-term studies.
2.2.3.1 Configuration for Electrochemical Studiesin Liquid Cell

Figure 2.2adescribes the geometry tife liquid cell holder tipfor electrochemistry studies
(EC-TEM) wherethe thin layer of liquid electrolytes sealed between two Sikembrane

chips (top and bottom chipBjgure 2.2l;). The gap for the | iquid | a
thickness, is determined by the bottom spacer chip, which is patterned with spacer materials of
varying thickness (e.g., 250 nm and 500 nm) to crdaenecessary spacing on the ,SiN
membrane. This patterning not only defines the thickness of the liquid electrolyte layer but also
provides nanofluidic pathways for delivering the electrolyte into the chambertypical

thickness of the liquid layer bet&n the chips ranges from 50 to 500 nm, though the actual
thickness tends to be greatireto the effects omembrane bulging.

The top electrochemical chip generally includes three or four electrodes, which are connected
to an external potentiostat. Thallows for precise control and measurement of the
eledrochemical processegithin the liquid electrolyte layer. Botthe top and bottom chips
featurea cental electrontransparent Sifviewing membrangtypically with asizeof50 € m

I 2 0 owhiehmverlapvith each otheto facilitate imaging of the electrochemical processes
Electrolyte flow is managed through fluid tubing integrated itt® holder This tubingis

commonlyconnected t@ syringe pumgor flow rate control. Tte flow system includesne
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inlet and one outletenabling the introduction dfeshelectrolyte into the narocell and the

removal or recyclingf spent electrolyte as needed
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Figure 22 (a) Schematiof a liquid cell TEM holer. (b) Bottom chip with 250 nm spacer layer. (c)
The top chip with carbon electrodes patterned onto the surface of then&ihbrane, which interfaces

the working electrode to an external potentiostat.

Currently, mostelectrochemical cells used BC-TEM studiesemploy a threeelectrode
configuration a working electrode, a reference electrode, and a counter electrode imprinted on
the chipsCarbonis commonly choseasworking electrodenaterialfor electrocatalysis work

This choice allows for effectiveomparisons with catalysts used in re@irld electrocatalytic
reactors, as these catalysts are typically dispersed on carbon suppoitts. to the working
electrode, materials for the counter electrode are chosen based on their electrochemigal stabili
and compatibility with the experimental conditio@mmon materials include noble metals
(e.g., Pt, Au) or conductive carbtmased material$n many EGTEM studies, a thin film of
platinumon the chigs used as a pseudeference electrod&éowever specificto the work in

this thesisthe EGTEM holderusedis the first of its kind integratingniniaturecustombuilt

Ag/AgCI reference electrodemdPt or Ccounter electroded hisnew desigreliminates the
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need for pseudeeference electrodes, whintay suffer from stability issues and potential drift.

In such a holderthe electrodesire arrangedn the sequence of Referende Working U

Counter along the electrolyte flow patit ensure thatny reactivespecies generated at the

counter electrodaredirected away from the working electrodied out of the holder

The most powerful aspect &C-TEM is that it allows us tanvestigaé structural changes in
electrocatalysts induced by an external potemtitiin a liquid environmentompared with
convenional microscopy of sampldsefore and after reactiofror examplewe canobserve
changes in the shape and size of catalysts due to oxidation and reduction reciiiogss
that may not be preserved whehe applied potential isemovedor when the catdyst is
removed from the electrolyt&notherpowerful aspect of EETEM research ishat it allows
usto follow changes irelectrocatalysts during prolonged operatibar examplea catalyst
material can dissolve in the electrolyte and redeposit elsewhdite electroddeading to a
changeof active material and changes in catalyst morpholaindesstanding hese kinetic
processess essentiafor us to advance the design of electrocatalystsause they dictate the

long-term stability and performancé the catalysts.

Hence, this technique has been receivuingeasingattention for the study of OER cataly$ts.

For instance, Raabe et al. ugedituTEM to study the structural changes ofd&ped CaMn®@

under OERconditions, revealing surface amorphization and recrystallization, ydartic in
calciumrich sample<® Similarly, Fan et al. observed the phase transformatio@ask
nanoparticles into CoOOH nanoplates, which are active species in OER, through TEM
characterizatiori! Ersen et al. employeith situ TEM to capture the structural evolution of
crystalline CaOs nanoparticles during OER. They demonstrated dbeversionof these
nanoparticlesinto amorphous Cofly, which consists otrystalline CoO, CoOOH, and
Co(OH)." Shen et alalso demonstrated that this technigiam be usedo follow surface
wetting characteristics qferovskite particles under OER conditidAsVithin the context of

this thesis,EC-TEM also synergistically complementsperando spectroscopic studies,
allowing visualization of various catalyst motifs present during reactions and offering a more

comprehensive understanding of catalytic proceSses.

One limitation due to the specialized geometries of these liquid cell holders and the presence
of a relatively thick liquid film is that they significantly degrauts only the spatial resolutio
but alsothe spectroscopic information of the sample, ttesiricts a primary strength of the

TEM, its ability to provide chemical information.will describe different approacheto
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address this issue later the thesisThe other limitation isartifacts or changes in the sample
and reaction environmemntadiolysis due to the highly energetic electrons, which viaié

discussdin the next subsection.
2.2.3.2Electron Beam Induced Effects

Beaminduced changes in samplesmused by thenergetidoeamsare a constant concetn all
operandowork employing energetic beanfse., electrons, Xays, lasers)lt is therefore
critical to identify and minimize these artifacts to obtain reliable data reflectingvozkl
conditions. The electron beamT&EM studes can induce several effects that might impact the
accuracy and reliability of the results, including knack thermal, and ionization effects.
These effects can lead to material degradation and artifacts in the amakyicuid cell TEM
experimentthe most criticakffectto be aware of isvater ionizationcaused by the electron
beam leading to the formation of radicateO», H*, OH", HO*. H", andHO>*. These radicals
candrive boththenucleation and dissolution of solid phasesausebubbleformation due to

the accurnlation oftheseradiolysisproducts’®

Generally it is advisable to use lower electrdoses or beam currerdswn toa few electrons

€ A28 duringliquid cell TEM experimenté® 88! This requiremengenerally reducthe
signatto-noise ratios of the acquired imagagllead to noisy imagesonfining us to working

at magnifications much lower than what a modern TEM can achiditional control
experimerd includng comparing irradiated and nemadiated areas before and after reactions,
conducting experiments without electron imagimgvorking with intermittent irradiatiorand
varying dose rates during data collectiane also requiretb ensure thathe resultsdo not
consist ofentirelybeam induced artifact#f it is impossible to eliminate all influence of the
electron beamthe mnimum requiremento meetis that the chemical or electrochemical

stimuli mustinfluence the samplmore strongly

2.3 Other Characterization Methods

2.3.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a higlesolution technique used to imagelaneasure
materials at atomic and nanometer scaléidike optical andelectron microscopywhich
depends on lenses and electron be&hb) employs a sharp tip on a cantilever that scaes
the sample surfac@heinteractions between the probe tip dhed sample cause the cantilever

to deflect, tracking variations in surface height witgh precision. AFM operates in various
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mode® contact, tapping, and naontacd that each suit different sample types and
investigative purpose$n contact mode, the pbe directly interacts with the sample surface,
allowing for detailed imaging but with potential risk to more fragile materTapping mode,

in which the probe oscillates and intermittently contacts the sample, is optimized for studying
soft or delicatesamples.Non-contact mode is particularly suitable for analyzing sensitive
samples, as the probe measures attractive forces without physically touching the sample,
thereby preventing any alteration or damage to the surfacaddition to topographical
imaging, AFM provides data on material properties like stiffness and electrical conductivity,
making it essential in fields such as surface morphology, mechanical properties, and molecular

interactions. AFM works in diverse environments, including air, va¢@un liquids.
2.3.2 Inductively Coupled Plasma Mass Spectroscopy

Inductively coupled plasma mass spectroscopy &) is a mass spectrometnased
analytictechnique which isused forinorganic elemental analysislaterialsare ionized in a
high-temperéure plasma, which breaks moleculaonds andhenproduce free atoms. Thee
ions arethendirected into anass spectrometerhere they are separated based on their-mass
to-charge ratio (m/z). A detection system counts ions as pulses, identifying edebyent
matching theisignaturesvith knowntrace elemenprofiles

2.3.3 Raman Spectroscopy

Raman spectroscopy can provide both chemical and structural information, as well as
identification of substances thr awagks byt hei r
measuring the inelastic scattering of monochromatic light, typically from a laser, as it interacts

with a samplgFigure 2.3. When | aser photons interact wi!f
scatter elastically (Rayleigh scattering), maintainirggame energy level as the incident light.
However, a small fraction of photonsndergoesinelastic scattering, known as Raman
scattering, by exchanging energy with the sa
This resulted in shifted wavelemgteither lower (Stokes Raman scattering Attkes Raman

scattering) or higher (Antstokes Raman scattering) than the original laser light. The resulting
Raman spectrumwhere intensity is pbtted against frequency shift provad a molecular

6 f i n gbofrdstingt pebks that correspond to different molecular bonds and interactions
Because each molecule has a unique vibrational pré&téean spectroscopy can identify

chemical compositions and provide insights into molecular structures, crystadimityeven

physical stresses within materials.
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Figure 2.3(a) Threddifferentscattering processes that can occur when light interacts with a molecule.
(b) Energylevel illustration showing the states involved in Raman spedthe schematic is adapted
from Smith and Dent?

2.3.4 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XFS vital technique for surface characterizatiosed

to determine the elemental composition, chemical states, and electronic environments of
materials. In XP&nalysis, a focused beam ofrXys, commonly sourcefdom aluminum or
magnesiumis directed as a mp | e 6 When thest Haysinteract with the atoms in the

material, they transfer enough energy to eject-torel electrons through the photoelectric
effect. The ejected electrons6é kinetihar energ

binding energie® characteristic values specific to each element and its chemical environment.

The XPS technique yields a spectrum with peaks that correspond to elements found in the
sampl ebs surface | @l mnometarsynaéeptThis spectrum rRotomin di n g
confirms the presence of specific el ements
oxidation state, type of chemical bonding, and electronic environfémiugh XPS is limited

to samples that can be analyzed under-heguwm conditionsunless special near ambient
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pressure setups are useilyemains a preferred tool for the detailed characterization of thin
films, catalytic surfaces, and various types of coatings. This sensitivity to surface composition
and chemical straare is essential for advancing applications that rely on precise material

engineering and surface functionality.
2.3.5 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a powerful technique used to investigate the electronic
structure ad local atomic environment of specific elements within a samgieh is mostly
implementedat an X-ray synchrotron facility XAS relies onmeasuring th@bsorptionof X-

rays bythe sample as function othe incoming Xraysenergy The excitation o€ore electrons

in an elemento higher energy levelsioduates the absorption thereby creatimgahsorption
patternthatchanges according to the electronic characteristics and bonding envirarfrtihent
element Subsequent analysis of the pattémnturn enabks the precise determinations of
oxidation states, coordination numbers, and bond distaHeese XAS is aninvaluabletool

in material science and chemical research.

Conceptually,lie absorption edgepreserdgthe energy required to eject a coeeel electron

as a photoelectraaiter whichan electrorfrom a higher energy level malyentransitdownto

fill the resultinghole andrelea® energy either as a fluorescence photon or an Auger electron
(Figure 2.4. The absorption edgs thus related tthe nature of the ejected electrarK-edge
corresponds to a core electron wéhprincipal quantum number of = 1, while a L-edge
corresponds tan = 2, and so forthFigure 2.4aillustrates a 1s core electroransitionwhich
leads tathe K-edgeabsorpion spectrum Each element has unique cshellelectron binding
energiesand so, havdistinct absorption edgdbat can be usefibr elemental identification.
Extendedanalysisof the absorption spectrum two primary regionsalso provide further
information X-ray absorption near edge structure (XANES), which reveals oxidation states
and local symmetry, and extendeera§ absorption fine structure (EXAFS), which provides

information on bond lengths and coordination numbsesKigure 2.4b).
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Figure 2.4 (a) An illustration oftheexcitation andelaxationmechanismgvolved in X-ray absorption

spectrosopy (XAS). An Xr ay

p h owithoenergy tigher thatihe binding energgf acoreshell
electroncanresult in emission of the core electron amttease the number ofbays absorbed thereby

leadng an absorption edg&he X-ray Absorption Near Edge Structure (XANES) regi®the part of

the spectrum near the edgadit is sensitive to the oxidation state and local bonding of the sample. The

fluctuations in the absorptiqrofile at energie$urther keyondthe absorption edge the Extended X

ray Absorption Fine Structur&XAFS) region andheyrepresent the inference betwebe electron

wave of the ejectedphotoelectron anthe back scatteredelectron wavegyeneratedhe surrounding

atomsdue to this propagating wavenalysis of the EXAFS regioprovides information about the local

atomicarrangementRadiativerelaxationeventsalsoyield X-r ay s

f

uor es themee

levels are naned according to the Sommerfeld notatibhe scheme iadapted fronfFracchia et &

(b) An example ofXAS spectrum of cupper (Cu) is shown in black, illustratimgpre-edge XANES
and EXAFS regionas well as the edge t e @.%* Reprinted with permission frofChem Rev,, 2021,
121, 2). Copyright 2020, American Chemical Society.
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2.3.5.1 X-ray Absorption Fine Structure

X-ray absorption near edge fine structuxd \NES), alsocallednear edgeX-ray absorption

fine structure NEXANFS), is a technique that revedigeelectronic states near the Fermi level,
providing informationon the chemical state, local symmetry, amehdingenvironmentof
absorbing atomdBy observing changes in-Ky absorption as the incident energy nears and
slightly surpasses the binding exgy of core electrons, XANES identifies subtle details
influenced by factors like oxidation state, coordination clsémi and orbital hybridization

The sensitivity of XANES to local atomic and electronic environments enables it to detect
distinct spectal features. These include shifts in the absorption edge and unique spectral shapes
that can indicate specific oxidation states anécBhtiate bonding environmentor example,

small shifts in the edge position and unique spectral shapes providetansitgh these
characteristicsA significant advantagef XANES it is adaptable tan situ measurements,
enabling reatime monitoring of chemical reactions and structural changes. This capability is
invaluable in fields such as catalysis, where understgrdi/namic processes and oxidation
state changes is criticdh situ XANES can track the evolution of oxidation states during

reactions, shedding light on catalytic mechanisms.
2.3.5.2 Extended X-ray Absorption Fine Structure

Following the XANES regiongxtended Xray absorption fine structure (EXAFS) extends
severahundredo abovethousand electron volts beyond the absorption ebdgemodulatiors

in the EXAFS regionare explainedby the interference between an outgospherical wave
propagating araud the absorbing atomue to the emitted photoelectron and Hoattered

waves producedby the neighboring atoms becausetloé outgoing waveDue to higher
photoelectron energies, EXAFS is less influenced by electronic structure and more sensitive to
thespatial arrangement of atoms around the absorber. Together, XANES and EXAFS provide
complementary data, with XANES focusing on electronic states and chemical bonding, and

EXAFS revealing geometric structure and neighboring atom distributions.
2.3.6 Scanning Transmission Xray Microscopy

Scanning transmission -¥ay microscopy (STXM)s anothernanoscale imaging technique
f ocusi ng o nstricture)l compositoal, iaral cherdicatharacteristicghat is found

at the Xxray synchrotron facilitiesHere, STXM combinesX-ray microscopy withspatially
resdved XAS, therebyallowing for detailed, chemically specific imaging of various elements

and compound®y adjusting the Xray energy to targeipecificabsorption edgesf elements
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in the samplgonecanachieving structuratharacterization of the sample at tens of nanometers

spatial resolution analso chemicamapping of the sampk the same scale
2.3.6.1 STXM Mechanism and Imaging Process

The primary Xray sourcen a STXM is usuallysynchrotron rdiation due to its high intensity,

tunable wavelength, and coherent beam qudliggically, a circular, diffractiorbased optical
devicealso known as a zone platarrows the Xray beanmto a size of about a few tens of
nanometersThis focused Xray beamthen illuminatesand passeshroughthe sampleafter

which a photodiode captures the transmitted ligit.e z one pl ateds opti cal
determine the achievable resoluti®hen msitioned on a precisely controlled stage that can

be moved intwo dimensions, systematic pixey-pixel scanningof the samplecan then be
performedto capture detailed images based on the detectey ¥itensity at each pixelhe
transmitted Xrays are captured by a sensitive detector, like a photomultiplierotuB€D
(chargeedcoupled device), which records the transmission intensity at each scan position to

generate a twdimensional image of the sample.

Sample raster
scanned

Transmitted beam

Order sorting detect
etector

aperture

Zone plate objective
lens

Undulator

Fluorescence
detector

Monochromator

T

Figure 2.5 Schematic of acannng transmission ay microscopy systenThis instrument employs

an undulatr to produce a focused stream ofrays. A monochromator first refines the beam to a
specific wavelength, which is subsequently directed onto the sample through a zone plate objective lens.
Transmitted Xrays pass through the sample to a detector, formnihgtailed image, while a secondary
fluorescence detector captures emissions for complementary data on elemental composition and

structure The schematic is adapted from Kim ef%al.

With this approachthe intensitydata collectioncan be collectedn multiple forms: point

spectra from specific focused spots, sirghergy images, omage sequences over a range of
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photon energiesn the latter, onereates a hyperspectral culi®y collecing images at different
incident Xray photon enengs around the absotjon edge of the element of interesthich
provides a deeper insight into chemical composition and structure at the nanSsuzde.
STXM is most commonlymplemented with soft Xays @ couple of hundretb abouta
thousand or so eV -Xay energy)the sanple needs to be thin and be placed within a vacuum

environment, making a natural fit with tivesituholders used for ECEM.
2.3.62 STXM Imaging Modes

STXM offers multiple imaging modeseach designed to enhance its analytical potential by
providing unque types of contrast and chemical information:

Absorption Contrast Imaging: In this modejmage contrast is created by variations Hnay
absorption across the sample. Areas within the sample that contain elements with higher atomic
numbers or higher cmentratons tend t@bsorb Xrays more effectively, appearing as darker
regions on the resulting imagehis mode is especially effective for mapping the distribution

of elements and identifying distinct phases within the sample, making it invaluable for

compositional analysis.

Spectromicroscopy Spectromicroscopy involves capturing a series of images at different X
ray energies, usually near the absorption edge of a particular element. By examining how the
absorption spectrum varies at each pixel, thithote reveals details about the chemical state

of the element, including oxidation states and local bonding environments. This imaging mode
is particularly beneficial for studying heterogeneous materials that exhibit complex chemical

compositions, as it eb&es nanoscalevel analysis of chemical heterogeneity.

Differential Phase Contrast Imaging This mode captures phase shifts in thea}{ beam as

it traverses the sample, generating contrast based on differences in electron density rather than
absorption.This approach is especially useful for analyzing samples with low absorption
contrast or materials with subtle differences in absorption properties. Differential phase
contrast imaging is thus ideal for investigating weakly absorbing or compositiomallgrsi
materials, allowing for enhanced visualization of internal structures that are otherwise difficult

to detect.
2.3.63 In situ/OperandoSTXM Measurements

Additionally, STXM ishighly advantageous fan situ andoperandoinvestigations, enabling

reseachers to monitor redime dynamic processes, such as chemical reactions, structural
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changes, and phase transitions, as they o&UrX M6 s u s e-rays is pastioufaly X
beneficial, as it minimizes potential damage to sensitive or delicate sampkasg ibavell-
suited for observing reactive materials in their natural operational environmentgefando
experimentslescribed in this thesjs liquid scanning electron microscopy (SEM) holder from
Hummingbird Scientific was employeddeFigure 2.6. In this setup, catalytic particlese
depositefropcastedn the sameelectrochemical chipwith SiNx windowswhich are also
transparen within the soft Xray spectrum.Specifically, my current research group is
pioneering efforts to advance correlatggerandoTEM and STXM studies that use the same
liquid cell platform in both microscopebat are also integrated with other complementary
techniquesKigure 27) to follow both structure and chemical state of electrocatalysts under

similar reaction condibns.

Fluorescence (b)
detector

(a) Soft X-rays

®_

electrolyte

Photomultiplier
tube

Figure 2.6 Schematioof a liquid cell SEM holderwith the incident Xrays of an energhv and the

transmitted beam detector. (b) Picture of the cell under operation aM&& IMC beamline, BESSY II.

Catalyst preparation Basic characterization Advanced and in situ/operando characterization

EC-TEM Operando STXM EC-AFM  Operando Raman

Fluor
Electron Probe -ray

Active phase:
pographical idation state,
imaging adsorbed
intermediates

EXx situ Characterization
XRD, Raman, XPS, TEM,
ICP-MS, etc.

EXx situ electrochemical -y (DI IIIIIIIIIIIIIIIIII
characterization RS LA

Electron Image Photodiode
“ Fluorescence X-rays
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of y pping and

Working electrode pping
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Figure 2.7 A diagram presenting the main resgamethods and techniquemsployed in this thesis,
along with the key insights obtained from each method.
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This chapter presentthe work of my publ c at i o n - @& ClemicalyResolved

Operando STEM EDX Map

Visualization of Fe Incorporation into Ni O C
(https://doi.org/10.1021/jacs.3c07)58d is reproduced from refee® | have conducted

and analyzed all the liquid TEM experiments shown in this chagatdrwrote the publication

under thesupervision of Dr. S. W. Chee and Prof. Dr. B. Roldan Cuenya. | synthesized the
samples and performexx situOER testing. Dr. E. Ortega and Dr. S. W. Chee performed the
aberratiorcorrected TEM and SEM imaging of the transferred samples. Dr. F. T. H4ase,

Rischer, Dr. C. Rettenmaier, Dr. H. S. Jeon and Drrindoshenko conducted tlagperando

XAS experiments and Dr. F. T. Haase and Dr. A. Bergmann analyzed the data. | conducted H
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cell electrochemical experiments for KBS measurements and Dr. D. Escale  p e z
conducted ex situ ICP-MS measurements and analyzed the data. | performed XPS
measurements and Dr. M. Lopez Luna contributed to the data analysis. Dr. M. Lopez Luna and
| conducted theperandoRaman experiments.

The activity of Ni (hydr)oxidesfor the electrochemical evolution of oxygen (OE&known

to be greatly enhanced by the incorporation offet, a complete understanding of the role of
cationic Fe species and the nature of the catalyst surface under reaction conditions remains
unclear.The motivation of the work described in this chapter is to phalveNiO pre-catalysts
change under OER conditions using-EEM tracking in reatime. However, sinceve are
interested in concurrently tracking two chemical species with similar atomic nurbbegans
thatweneed a different way to separate Ni and Fe in the STEM image as thereamillromal
Z-contrast differenceHence a major component of the workvolves optimizing the
parameters of the microscope and the experimenechiewe time-resolved STEMEDX
mapping.For this purpose, | chose to synthesize wlelined octahedral NiO particles as a
model precatalyst whose transformation could be easily followed

Time-resolvedoperandochemical mapping was achieved by couplimgitu mappingat low
electron fluxes with a detaile@x situ characterization at the specified thpeints.
Complementary insighktinto the catalyst searsurface composition, structure and chemical
state were further extracted using -Xay photoelectron sp&oscopy operando Raman
spectroscopyandoperandoX-ray absorptiorspectroscopyogether with measurementstbé

Fe uptake by the electrocatalysts using tmesolved inductively coupled plasma mass
spectrometrylNotably, | identified that the catalytic deactivati under stationary conditions is
linked to the degradation of the situ-created NiFe.DH. These insights exemplify the
complexity of the active state formation and show how its structural and morphological
evolution under different applied potentialsdzse directly linked to the catalyst activation and
degradation.
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3.1Introduction

For OER in alkaline electrolyted\i oxides in precleaned Fdree electrolytes show limited
activity buttrace amounts aiddedre are already sufficient to generate hygictive catalytic

sites on the electrocatalysssiggesting that the incorporation of Fe into NiO q¥)2 boosts

their OER activity?”- 2% 4% 8Pure Fe oxideshoweverare poor OER catalysédthe formaion

of Ferich phases during reactidrasbeen reported to cause activity degradatiomixed Ni-

Fe electrocatalysf® 64 878 Therefore, extensive work has aimed to understand the role of Fe
in improving theperformance of theseatalyss. Although recent research largely points to a
synergistic coupling®® between Ni and Fe as the reason behind the activity enhancement,
there is still no consensus on the exact role of Fe and the exact mechanism behind its effect.
To date,different mechanismsuch asFe** species inducing the formation of layer double
hydroxide (LDH) phases in NiOOH with an increased number of active sites, the presence of
high-valent metal sites like Feor Ni** or oxyl radicals like those found for IkQor a change

in the intrinsicOER activity due to Fe limiting the oxidation of Ni ®aluring OERE® 87 8

have been proposed. Many studies also start frorsyrhesized mixed Nre structure$®

which makes separating the béaial effects by the incorporated Fe from any morphological
changes in the metal oxide host highly challenging. Therefore, the key to rationalizing the
catalytic impact of Fe lies in elucidating how the rganface structure and composition of
these catlgsts change under reaction conditions as a function of the Fe added.

It is important to note thahost prior studieshadrelied onoperandospectroscopit to track

the changes in the catalyst structure, metadation stat€® % or metailigand charge
redistributiolf>®%. These ensemblaveraging methods cannot resolve the local chemical and
structural changes induced on a cadaly6 s surface by trace met al
resolution. It is also unclear wher&e incorporags, what is the exact Fe species that is
beneficial forthe electrocatalytic performancand how Fe incorporation changes the-pre
catalyst surfaceThereare very few studies that describe how the surface morphology of Ni
(hydr)oxide electrocatalysts is altered during reaction by the addition of Fe, especially at low
Fe loadings in the early stages of incorporation where the activity changes are mast drasti
The most notable work so far is froracanning probe microscopy stud®sbut these
measurements lack chemical sensitiahd so, theylo not provide direct evidence regarding

the Fe distribution on the catalyst under electrochemical conditions and how it can be related

to the morphological changes seen in the ugiohgy Ni (hydr)oxide host.
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In this chapterl describe my work trackinghe evolution of octahedral NiQre-catalyst
particles with flat surface facet®m alkaline borate buffer with deliberately added Fe
impurities™®® during OERusingoperandoelectrochemical (scanning) transmission electron
microscopy (EQS)TEM)® coupled with energy digpsive %ray spectroscopy (EDX)
mapping’ to revealtheir morphological and chemical changes under applied potential and in
the presence of FESTEM-EDX can provide 8 with spatially resolved mapthat follow
multiple elemental signatures concurrently, but so far, it has been-utildesd in time-
resolvediiquid phase TEM studie$Vith EC-TEM, we were able to image these partigtes

situ inside the electrolyte and under applied potential wittvananometer resolutighi and

the EDXmaps allowusto follow thechanges iratalyst composition at défent reaction times.
Here,the welldefined surfaces of these Nif@tahedravere criticalfor visualizng how the
electrocatalyst morphology and neanface composition changevhile incorporatng Fe
speciesrom theelectrolyte The key points of the r&ction as indicated by thesperando
studieswere then selectddr detailedex situinvestigationsandcomplementarpperandocand
time-resolvedstudieswith techniqguesuch as<XAS and Raman spectroscofiy obtain more
insight into the surface transfornats and relate these transformations to the changes in the

electrochemical and catalytic properties.

3.2 Experimental Details

3.2.1 Synthesis oDctahedral NiO

The synthesis of octahedral NiO catalysts follows the protocol described by M# Etrst,

2.5 g NiCb&BH,O was loaded into a muffle furnace and heaad00C for 3 hours.
Subsequently, it was heated to 4D@nd maintained at that temperature for another 2 hours.
After cooling, the samples were washed several times with isopropyl alcohol anpunéra

water(18.2M q L ¢. ithe final product was green in color.
3.2.2 BorateBuffer Electrolyte Preparation and Purification

In these experiments, a borate buffer solution (pH 9.8) is used as electrolyte instead of the
conventional potassium hydroxide (KOH) siwbn to avoid possible silica contamination due

to KOH etching of the microfabricated EXEM cells®® Performing OER using a borate buffer
solution as electrolyte is alsalvantageoushencombinedwith photoabsorber materials due

to its lower pH**1°To prepare the 0.5 M borate buffer solutidh,g baic acid was dissolved

in 1 L of ultrapure waterfollowed by the addition 014 g NaOH, resulting in a solution with
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pH of ~9.8 To removeheFe impuritiesfrom the pristine electrolytehe solution was purified
according to the procedure describedbytochaud et af°2 g Ni(NGs)2AH.0 weredissolved

in 4 mL of 182 ultrapure water, and then 20 mL of 1 M NaOH were added to obtain
precipitated Ni(OH). The mixture was washed with 200 mL of ulpare water and 20 mL of

1 M NaOH, and then centrifuged to obtain the supernatant. After that, the supernatant was
added imo 500 mL of prepared borate buffer for purification and kept for 3 h. Finally, the
mixture was centrifuged to obtain the purified borate buffer supernatant.

3.2.3 SampleCharacterization

The crystallinity of the aprepared NiO samples was characterizsithgi X-ray diffraction

( XRD, Bruker D8 Advance) with Cu KU radiat:i
confirm the absence of Fe before reactims performed using inductively coupled plasma
mass spectrometry (ICPMS) combined with a microwave dilusystem from Anton Paar
(Multiwave GO). The XPS experiments were carried out with an ultraagbhum(UHV)
XPS/STM system from SPECS (Germany) with a PHOIBOS 100 electron energy analyzer. A
monochr omat i-mesburcad (Focs (BO0Xoperated at 3W0was used for the
measurements. The binding energy (BE) scale of the spectra was corrected taki(@,th C
component of the C 1s peak at 284.8 eV as a reference. The sample morphology was
characterizedusing a Thermo Fisher Apreo scanning electron roscope (SEM). TEM,
HRTEM and EDX elemental mapping and spectrasrepareccatalysts were obtained on
animagecorrected (scanning) transmission electron microscope (Thermo Fisher Titan). Probe
corrected STEM imaging and electron enelags spectrosgy (EELS)wereperformed with

Jeol JEMARMZ200 that has a cold FEG ameere operated at 200 ke\Ex situ Raman was
performed using a confocal Raman spectrometer (Renishaw, InVia Reflex) coupled with an
optical microscope Lica Microsystems, DM2500M). A nea@frared laser (Renishaw,
RL6331 =633 nm) was used #seexcitation sourceDetails oftheelectrochemical cell TEM
experimentspperandoX-ray absorption spectroscopgperandoRaman spectroscopy, |IE€EP

MS experiments are providedtime Appendix to Méhods

3.3Results andDiscussion

3.3.1In situ TEM and Ex situ TEM to Capture the Felncorporation

NiO octahedra were prepared using a hydrothermal metRagire 3.1se presents

representativex situTEM images, along with an SEM image and a STEMX mgp, which
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illustrate the uniformity and octahedral skapf the nickel oxide particlesThe X-ray
diffraction pattern further confirms that the synthesized material crystallizes in a cubic phase,
-3mnspace grougFigure 3.1j. Additionally, ICRMS

measurements underscore the purity of the synthesized NiO octahedra, indicating the presence

consistent with nickel oxides

of nickel while ruling outhe presence dignificant iron contamination, with an iron content
d 0.03 molar percentl@ble3.1).
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—
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8 NiO (COD 1010095)
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2d°
Figure 3.1 (a-c) Ex situTEM and @) SEM images oNiO octahedra(e) STEM image ang@ombined
Ni/Fe chemical EDX mapf a NiO octahedron. (fXRD pattern of agprepared NiO sample

Table 3.1 Analytical results of aprepared NiO octaddra by ICPMS. The theoretical Ni concentration
based on a digested mass of 0.79 mg.

Sample

Fe Concentration
(ug/L)

Ni Concentration
(ug/L)

Fe/Ni Molar Ratio
(%)

NiO Octahedra

28.46

82558.73

0.03

Next, the NiO a@tahedravere loaded into our EGTEM seup, asschematicallydescribed in

Figure A3.1. After loading the holder into the TENhe continuous flow of electrolyte through

the cell was maintained using an external syringe pump, ensuring consistent exia¢rime

conditions Initially, cyclic voltammery (CV) was performed in an electrolytievoidof Fe

cycling between 0.7 and 1.9%:Me for 10 cycles.Subsequently, the electrolyte was replaced

with a 0.5 M borate buffer containing 1 mM Fe(B& A short movie acquired during the

switch between the FHeee and Feontaining electrolyte is praded asMovie A3.1. Figure

3.2a shows CVsacquired during an ECEM experiment wheréhe expected changes in the

electrochemical behavior of NiO caused by the deliberateianddif Fe into the electrolyte
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wereobseved Specifically,in the pure 0.5 M borate buffer, a RiNi** redox transition can
be observed at46 Vrxe from the CV, howeverno obvious strotural change in the octahedra

due to the oxidation of NiO to NIOOH can be seen inth&tuimages Figure 3.2¢,d).

10
(a) Fe-free (pH9.8) (b) Fe-free (pH9.8)
8 _1mM Fe (pH9.8) 0.10 LmM Fe (pH9.8)
o o
£ 6} £0.05} 4&&
<
L 4
<é: 4 Eo.00 ;\—;74:&
~ Law]
-~ 27
-0.05
O 1 1 1 1 1 1 1 1 1 1
08 10 12 14 16 18 20 1.30 1.35 140 1.45 150 155 1.60
E/Vvs. RHE E/Vvs.RHE

(d)

o,
e

Figure 3.2 (a) A comparison of cyclic voltammograms acquired in 0.5 M borate buffer without Fe after
10 cycles and acquired after 40 cycles with 1 mM Feji&lded into the electrolyte flow using EC
TEM. (b) An enlaged display of (a) for the potential range between 1.3 to 446 Vhe NiO octahedra
were dropcasted on a carbon chipsitu STEM images of the NiO catalysts in (c) 0.5 M borate buffer
solution and (d) 0.5 M borate buffer +1 mM Fe(®iolution duringOER from 0.7 to 1.9 ¥ue The
electron flux was 7-éd 2 s, and the electron flux limit for observing noticeable béaduced effects

in our TEM is 56 eA2 s,

Figure 3.3ashows representative C\sat were collecteth situ during OERwhile a 0.5 M
borate buffer flowed comuously through the liquid celbothbefore and after the addition of
Fe into the electrolyte=igure 3.3be andFigure A3.3 showthe STEM images and Fe maps
that werecollectedin situ duringthe experiment. To avoid beamduced artifacts caused by
the extended acquisition times required to obtain reasonable EDX imkgoked at new
octahedral particles at each point of time. Thiessitu EDX maps will, nonetheless, be

inherently noisy due to the low electron beam currergs dsiring these experiments and the
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short acquisition times imposed by the need to avoid averaging over multiple potential cycles.
| also mention here that due to the Nirays having sufficient energy to excite secondary
fluorescence of Fe-Xays, thereg a very weak Fe signal in the EDX spectra acquired from the
assynthesized samples. This is an artifact that originates from the Fe present in the TEM
column itself.Figure 3.3b shows then situimage and map acgad at OCFn 0.5 M borate

buffer + 1 mMFe(NQ)s electrolyte,indicatingthat Fe was not present in amounts detectable
by in situEDX mapping in the octahedra when Fe was first introduced in the electrolyte before
the potential was applied. After applying potential cycleth@Fe-containing éectrolyte,the

OER potential of the sample at 1 mA @éinegan to shift towards lower potentials (from 1.90
VrHE t0 1.65 \kne) after 60 cyclesas shown inFigure 3.3a, where the next EDX map is
collected.In this first EDX mapcollected in the Feontainng electrolyte Figure 3.3§, the
incorporation of Fe into thectahedralvas not obvious.

After 120 cycles, faint Fecontaining surface layand diffuse Fe aggregatesn now be seen
in the EDX map [igure 3.3d), with asmall butclearFe peak visiblen the irtegrated EDX
spectrum [figure A3.4). The acquired CV indicates a slight driopghe anodic currentgure
3.3a). Next, | performed CAat a constant potential of 1.7zM for another 30 minutes to
understand how an extended reaction time impihassurface layer with incorporatéa:
Interestingly, the EDX maps acquired after 30 minutes of &4ufe3.3¢e) indicate that there
was further aggregation on the surface of the catalysts. Moré@aerseethat the Fe content
was changing in the Feontaining layer, despite the poor sigtalnoise ratios, by comparing
the EDX maps collected during CV and CA. As shawrhe bottom row of-igure 33b-e
wherel overlaid the STEM images and their corresponding Fe maps, the sudaggorated
Fe increasd during the applied CVs but decreased dutiegubsequent CA operatioDuring
CA, the current decreased gradually over the 30 mingtgarg A3.5). A CV collected after
30 mins also confirmdethe drop in currentH{gure3.3a).
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Figure 3.3 (a) The cyclic voltammograms compare the activity after 10 cycles OER operation in a
borate buffer without Fe to that obtained after different reaction times with 1 mM Be@tided into

the electrolyte(b)-(e) In situ STEM images, cobiined Ni/Fe chemical EDX maps and STEM/Fe EDX
maps of NiO octahedra acquired in a 0.5 M borate buffer +1 mM Fg{N@lution: ) at OCP; ¢)

after 60 cycles of CV andl) after 120 cycles of CV from 0.7 to 1.&M. (€) STEM image and Fe map
collected ater an additional 30 minutes at 1.4 after 120 CV cycles. Aggregated Fe is highlighted

in (d) and €) with dashed arrows. The EDX maps @df are collected during CV, and the EDX map

in (e) is collected under applied potential at 1 /&

Comparately, these shifts were not seen in the samples reactedfiedé-borate buffer during
the first 120 cycleg¢Figure 3.4% Ex situ benchtop measurements using identical octahedral
particles dropcasted orE2C-TEM carbon chip onlghowedslightly improvenent of the OER
activity in the Fe-free electrolyte as a function of reaction time, which is a result of the

activation of the catalyst due to reactiooluced structural modificatior¥8 On the other hand,
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a ~10x improvement in activity (current density) was measured for similarly prepared samples
in the Fecontaining 0.5 M borate bufferFgure 3.2% Thus, while there is a small
improvement in the activitin these sampledue tothesurface restructurintpat occursinder
reaction conditiongn the absence of Fe, the improvement in the electrocatalytic performance
due toFe impuritiesis much more significaniThe same NiO catalysfgeparedon carbon
paperand eacted inthe Fecontaining electrolyte also showed a shift of the OER onset
potential towards lower potentials at 1 mA-€ffFigure 3.4hfrom 1.82 to 1.65 Wue). Thus,

the electrochemical behavior of the NiO octahedra usedumEGTEM experiments is

consistent with that described in previous work where Fe was dekhenstroduced intdhe
101

electrolyte
8 8
(@) ° [ = 1st CV-Fe free (0)° [ = 1st CV-Fe free
== 10th CV-Fe free m— 10th CV-1mM Fe
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Figure 34 (a) Cyclic voltammograms acquired with the NiO octahedra as electrocatalysts in 0.5 M
borate buffer without Fe using a standard benchtop eléanastry setup. The NiO octahedra were
dropcasted on a carbon chip. The slow increase in the anodic current is attributed to the activation of
the electrocatalysts. (Iyclic voltammograms acquired with the NiO octahedra as electrocatalysts in
0.5 M borag buffer without/with Fe using our standard benchtop electrochemistry setup. All potentials

are IRcorrected. The NiO octahedra were dropcasted on carbon paper.

Samplestakenfrom the operandoEC-TEM experiments after different OER timegre then
examired forthe changes in tliresurface structusgthat occurredluring reaction usingx situ
STEM-EDX mappingwith longer acquisition timesind highresoluton TEM (HRTEM)
Figure3.5a-c show the EDX maps of NiO catalysts after 40, 60 and 120 CV cycles ireth
contaning electrolyte, respectivelyTheseex situ maps supporthe in situ observations
showing that Fe was incorporated initially into NiO as a shirface layer during OER in the

1 mM Fecontaining electrolyte, and with extended reaction timed (égcles), small Fe
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containing aggregates began to form on the electrocatalyst surigcee(3.5¢). After the

subsequent 30 mins sfistainedCA, the Fe aggregates became larey(re3.5d).

120 cycles CV 120 cycles CV
30 mins C

Figure 35 Ex situEDX maps ofNiO catalysts aftein situ EDX experiments in 0.5 M borate buffer +

1 mM Fe(NQ)s solution under different reaction conditions: (a) after 40 cycles of CV scanning, (b)
after 60 cycles of CV scanning, (c) after 120 cycles of CV scanning and (d) afteyd@® af CV
scanning ancCA measurements for 30 minutes at 14/ (e,f) HRTEM and fasFouriertransform
(FFT) images of NiO after 120 cycles of CV scanning@Adneasurements for 30 minutes at 1rfa/

The lattice spacing was evaluated using both &HRTEM image | used at least 10 parallel planes

in HRTEM image.

Further analysis of the EDX maps involved extracting line profiles and quantifying tiwe Fe

Ni ratios across the octahedr&iqure 3.§. After CV, the Feto-Ni ratio decreased
systemdtally from 20-30% Feon the edge of the octahedrao ~10% t owar ds t he
center, whichagrees witha sample geometry where only the surface is enriched with Fe. The

EDX line profiles also indicate a decrease in the surface Fe content to ~16&ppiyeng CA

for 30 minutes Kigure A3.6), which suggest potential surface reconfiguration or loss of Fe

over time under applied conditiarighe consistency of these findings withsitu experiments
alsoimplies that the observed Fe aggregates anasntrto the materiasGresponse rather than

by-productsresulting from the drying of the electrolyte.
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Figure 3.6 Ex situSTEM images, EDX intensity maps and EDX Ni/Fe atomic percentage maps of NiO

catalysts aftein situEDX experiments in 0.5 M borate buffer + 1 mM Fe@Solution under different

reaction conditions and line scan results: (a) after 40 cycles of CV scanning, (b) after 60 cycles of CV

scanning, (c) after 120 cycles of CV scanning and (d,e) after 120 cycl€¥ afcanning and

chronoamperometric measurements for 30 minutes atgha Yhe STEM images highlight the areas

where the atomic percentage of Ni and Fe is calculated.
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Selected area diffraction (SAED) patterns taken friwa ¢atalysts beforé-{gure 378 and
after OER Figure 3.D) both show strong (220) diffraction spots for Ni&nfirming that
while Fe incorporation occurred, it only influenced the surface structure of the octahedral
catalysts rather than causing significant changethe bulk cry&l structure Lattice fringes
found in HRTEM images of thectahedraand their corresponding fast Fourier transform (FFT)
indicate interplanar spacings of 0.21 nm in the thicker regions of the sampéspondindgo

the (002) planes of NIGHRTEM analis of the Fe aggregatem the other handevealed a
lattice spacing of 0.36 nnwhich correspond to the (012) plane df e ma t-FeD#£°2 inU
agreementvith the formation ofFeOs reportedin previous work performedt high anodic
potentials (>1.4 ¥ue).1°>1% More importantlyjn areas @ser to the octahedral edgefund

an additional fringe spacing of 0.25 nmvhich maybe assignetb the (012) lattice planef
NiFe-LDH% or the (311) lattice plane of NiF®4!% (Figure 3.8a,d,cand Figure A3.7,
swggesting a new phase or structure at the surface due to the incorporation offlghéro
analyzethis emerging structure, filtered regpace images were extracted from the regions
displaying the 0.25 nm lattice fring&€hey depict small domains on thectahedral surface
(Figure 3.8c,f).

10 1/nm

Figure 3.7 SAED images ofan asprepared NiO sample (a) before and (b) after 120 cycles of CV
scanning and the chronoamperometric measurements for 30 minutes aiglirv0/5 M borate buér

+ 1 mM Fe(NQ); solution. The sample was dropcasted on a carbon chip.
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Figure 38 (a,d,g) HRTEM images, (b,e,h) FFT, and (c,f,i) inversed FFT obtained by Digital
Micrograph by masking the 012 spots of NiOcjafter 12Qcycles of CV scanning and-{(Hafter 120
cycles of CV scanning and chronoamperometric measurements for 30 minutes @il Th¥ lattice

spacing was measured in both HRTEM and corresponding frequency domain images.

| furtherconducted control experimertoensuraheconsistencyf these resultwith standard
experimental geometriemd identify possiblelectronbeaminduced artifactdHereg | utilized
EC-TEM chips as working electrodes in a benchtop configuration to confirm that the observed
changeswere not artifacts of the electron beam or the D/ cell geometry while also
providing additional statistis on the Fe-induced modificationsCA were appliedor up to 2
hoursand STEM-EDX analyses performed at critical time points identified from prigitu
experiments. The results, as presente#ligure 3.9 show a timedependent increase in Fe
deposition, culminating in significant Fe accumulation on both the octahedra and the carbon

working electrode support surface after 2 hours.
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Figure 39 Ex situEDX images of NiO after chronoamperometric measurements (a,b) for 30 minutes,
(c,d) for 60 minutes, and (e,f) for 120 minutes at 1g4e\in 0.5 M borate buffer + 1 mM Fe(NR

solution using a benchtop setup. The samplerewropcasted on a carbon electrode chip.

| also compared the results from samples reacted in 0.1 M KOH (pH 13) with those from

samples reacted in a 0.5 M borate buffer (pH 9.8) to assess whether similar structural changes
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occurred in octahedra exposeditconventional KOH electrolyte. The ressh®wsimilar Fe-
incorporated structures-igure 3.10 in 1 mM Fecontaining KOH thereby, confirminghat
the structural modifications observed are consistent across different electrolytes and
experimental seps. Additional measurements with octahedra dropcasted on carbon paper
(Figure 3.10 further confirmed that the results obtained using-HEM chipscomparewell

with those from benchtop experiments conducted with conventional carbon supports.

10 10
(d) 0.5M borate buffer (pH9.8) (e) 0.5M borate buffer (pH9.8)
0.5M borate buffer + 1mM Fe (pH9.8) 0.5M borate buffer + 1ImM Fe (pH9.8)
8 }0.1M KOH (pH13.0) 8 }0.1M KOH (pH13.0)
N
c 6} NE 6}
© o
< 4t << 4}
£ £
~ ~
72t / -~ 2}
0 ——-—M 0 —

0910 11121314 15 16 1.7 1.8 0910 1112131415 16 1.7 1.8
E/Vvs. RHE E/Vvs. RHE

Figure 3.10 (a-c) Ex situEDX images of NiO after chronoamperometric measurements for 30 minutes

at 1.7 \krein 0.1 M KOH +1 mM Fe(N@)s solution using a benchtop setup. (d,e) The comparison of
cyclic voltammograms acquired with the NiO dwdra as electrocatalysts in 0.5 M borate buffer and

0.1 M KOH without/with Fe using our standard benchtop electrochemistry setup. Difference between
the samples dropcasted on: (d) carbon paper, or (e) a carbon electrode chip. All potentials are IR

correcded.
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To observe these catalyst transformations wiiher spatial resolution| studied NiO
octahedra thahad been reactedn a bulk glassycarbon substrate in thEe-containing
electrolyteex situwith aberrationcorrectedSTEM by transferring thermedianically onto

TEM grids. Annular dark field (ADF) STEM images obtained (§egure3.11bc) reveal the
presence of faint, flakeke structures onhe surface of the Nictahedra, which were
approximately tens of nanometers in size. These structuresiéegaarent after 60 and 120
cycles ofCV. These structurewere not detectable in the situSTEM images due to their low
contrast. To further analyze the composition of these surface features, electron energy loss
spectroscopy (EELS) spectra were acegiifran the octahedral samplafter 60 CV cycles

(as shown irFigure 3.11fandFigure A3.83.9). The EELS datandicatesthat these suatce

flakes contained both Fe and. RELS spectraverecollected from the surface flake and from

the underlyiig NiO sufacein the post 60 CV samplseeFigure 3.11¢) and theirO, Fe, and

Ni edgeswere compared after background subtrac(eigure 3.11)f. The O edge features
suggest that oxygen in the NiO lattice remained ordered, whereas oxygen in the flakes appeared
more disordereld®. The Fe edge data confirmed the localization of Fe within the fldiasgh

the signal was too noisy to allow for precise deteation of the Fe oxidatiostaté®’. A further
comparison of the 4to L. ratios in the Ni edgé® revealed that Ni in the flakes exhibited a
higher oxidation state than Ni at the octahedron surface. This observation suggests that the
flakes formedoecause ofhe oxidationof Ni to oxyhydroxidea process that was refited in

the C\s. After continuousCA for one hour, a significant reduction in the density of these flakes
was observed~{gure 3.11)L Similar surface flakes were also identified in the samples exposed

to Fefree electrolyte after 20 CV cycles, and they were similarly diminished following
statbnary OERconditions Figure A3.10. Theseobservationsndicate that the formation of

these flakes is associated with thestructuring of the NiO surface. Additiah SEM and

STEM images othese samples are availablé-igure A3.113.12
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Figure 3.11 Ex situannular dark field images of NiO catalysts. Asprepared, (b) after 60 cycles of
CV scanning, (c) after 120 cycles of CV scanning, and (d) after 12Gayfc@V scanning and CA for

1 hour at 1.7 ¥e in 0.5 M borate buffer + 1 mM Fe(NJR solution using our standard benchtop
electrochemistry setup. (&nnular bright field image of NiO after 60 cycles of CV scanning in 0.5 M
borate buffer + 1 mM Fe(N£R solution. (f) Backgroundsubtracted EELS spectra a@d Fe, and Ni
edges extracted frothe spectra collected at the positions marketh red and blue rectangl@s (e).
The sample was dropcasted on a glassy carbon support and then transferred onandaTdEhhdrid

after reaction.

Taken togetherthe microscopic observations indicate that the improvement in catalytic
properties of the octaheduader OER conditions is associated Wit being incorporated at

the surface as the NiO surface restructuregeu applied potential cycling-hey alsoimply
thatthe amount of F¢éhatcan be accommodated within this superficial layer is limited, and
further Fe incorporation is impeded once the solubility limit of Fe in the Ni (hydr)oxide host is
reached. Adding ore Fe instead leads to Fe segregation in the form of &ggdegates, which

in turn causes the observed decrease in the measured OER dvomaver, hesein situ-

generated flakesre found todegrade at sustained anodic potentidlsis degradation is
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associaté with the decrease inatalytic performance over timduring sustained OERnd
explains the decrease in uniformly distributed surface Feraridrmation ofaddtional FeQ,

as shown by the EDX maps.
3.3.20perandoRaman andEXx situ XPS tolnvedigate Surface Structural Changes

To achievea better understandingf these morphological and chemical chandgegrformed
complementaryoperando Raman spectroscopyperando X-ray absorption spectroscopy
(XAS), ex situX-ray photoemission spectroscop§RS) and timeesolved ICPMS studiesn
collaboration with other members of the FISIC department as describatthe beginning of

the chapterFigure 3.12a,b displays operandoRaman spectra that were acquired under OER
conditions inthe Fefree and Fecontaining (1 mM Fe(Ng)s) electrolyte respectivel{full -
specta for the Fefree and Fecontaining electrolyte are provided Bsjure A3.13, and the
electrochemical data acquired during the experimentsgare A3.14). At OCP, the Raman
spectraacqured n both the Fefree andFe-containing electrolyte possessveral modes
centered at 409, 518, 900 and 1090'amspectively, which are in good agreement with the
reported values of NidP*%When the anodic potentials were applied in thérEe electrolyte,
additional weak bands emerged at 479 and 555 Emure3.123), which match the gbending
vibration and the polarizediéstretching mode of ND(H) in NiOOH, respectively® 11 The
oxidation of Ni from a 2+ to a 3+ oxidation state is consistent with the redox transition at ~1.5
VrHE (FigureA3.149. Above ~1.5 VHE, the behavior in the Feontaining electrolyte started

to deviate from the F&ee cas, where a new broad peak at 528 temerged Figure3.12).

The peak around 528 cirhas been interpreteds thin, disordered NiF&€DH?® 120r as
FeOOH nanoclusters supported on NiO&HWe assigrit to the formedue to its agreement

with the TEM data and the absence of NIOOH bands in the spddiealack of the
characteristitNiOOH bands in the Raman spectra collected in thedR¢aining electrolyte is

also explained by the Fe incorporation into the NiOOH structure resulting in a large degree of
disordef®” ®° as compar to Figure 3.12a. We also confirmed the formation of Fe oxides
(aggregates observed | ocal | yFeD ater JuEeeénted X ) |,

electrochemistry experiments usieg situRaman measurementsidure A3.16).
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Figure 3.12 OperandoRaman spectra collected in the potential range from 1.0 V tog€(&) in 0.5
M borate buffer solution and (b) in 0.5 M borate buffer + 1 mM FejN&blution. The measurements

were performed under constant applied poténtia

We alsoexaminecex situreacted octahedrssing XPSo obtain surfacsensitive composition
information aboutthe nearsurface Fe incorporation prior to the formation of kFaeOrface
aggregatesAs shown inFigure 3.13the components fittetb the Ni 2ps/2 region are NiO
(853.8 eV, fit component shown in dark blue and 855.8 eV, fit component shown in light blue),
and Ni(OH) (856.3eV, fit component shown in dark rettf1® Thefitting of the Ni 2p region
indicates negligible differences in the Ni composition before and after reaction, with both
showing NiO (79.3%) and Ni(OH}20.7%). Due to the overlap of the-Ep with the Ni LMM
Auger signal, the fingerprint from this Ni LMM was fitted into the-Ze regon for
guantification of the Fp contribution. The components fitted to theZperegion are related

to FE* (711.8 eV)'® Fe** could indicatethe presence diematite or maghemite, orNiFe-

LDH. The experimerat Ni: Fe atomic ratio found for the surface composition of the after OER
samples is 2.7:1, which is close to the commonly rep@tedatiofor NiFe-LDH.2° This Ni:

Fe ratio agrees with our EDX results and is, interestirggigsistent with previousperando

XAS studies of NiFe thin films during OER? which reported a maximum activity at-30%

Fe, and its continuous drop as the Fe content was further increased.
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Figure 3.13 Ex situXPS spectraf the (a) tle Ni 2p region of the NiO catalyst before cataly@isthe

Ni 2p regionand(c) Fe 2p regiorof the NiO catalysafter chronoamperometric measurements for 60
minutes at 1.7 Yue in 0.5 M borate buffer + 1 mM Fe(NJ3 solution. The octahedral NiO catalyst
were dropcasted on carbon paper, anaa situbenchtop setup was used as the reaction cell. The
reference electrode is Ag/AgCI, and the counter electrode is carbon.

3.33 OperandoXAS and Time-resolved ICP-MS to Track the Uptake of Fe

To track the ufake of Fe from the electrolyte during OER, we carriedaopgrandoX-ray
absorption spectroscopy (XAS) measurements at the Ni anddelg&in Feree and 1 mM
Fe-containing electrolytes and tinrtesolved ICPMS measurementshe XAS samples were
measuredn the following conditions(1) dried in their aprepared state, (2) inrhM Fe-
containing or Fdree electrolyte at OCP after 60 CV cycles {R.8Vgrug, 20mV-s?), (3)
under OER conditions at a constant applied potential o¥a.¢ and (4) at OCP agn after
one additional hour of CA at 1\6z+e. All the Ni K-edge Xray absorption near edge structure
(XANES) profiles in the aprepared state and under working conditions are very similar to the
spectra d a NiO referenceRigure 3.1%, although therés a slight difference in the intensity
and position of the white line at ~8351 eV. Linear combination fittiagufe 3.15 LCF)
indicates that the gzrepared samples are mainly NiO (95%), with small amounts of N OH)
(5%).
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Figure 3.14 Vertically displaced normalized Ni4dge XANES data for catalyst in (a) 0.5 M borate
buffer solution and (b) 0.5 M borate buffer + 1 mM Feg@X@olution. Fouriettransformed extended
X-ray absoption fine structure (FJEXAFS collected at th Ni K-edge for catalyst in (c) 0.5 M borate
buffer solution and (d) 0.5 M borate buffer + 1 mM Fe@¥@olution. Fits of the EXAFS spectra are
shown in red and the spectra are stacked vertically. Measurements were performegrdpaas
samples in any state, activated samples after conditioning, during OER and after OER. Corresponding

data recoded for NiO reference material are also shown for comparison.
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Figure 3.15Linearcombination fitting (LCF) of Ni Kedge XANES spara for NiGc octahedra, using
XANES spectra for NiO and Ni(Oklas reference spectra

In general, the XANES spectra at the Nieldge ofthe catalyst in both Féree and InM Fe

indicate that mosif theNi species are in the 2+ state, regardless ofreldoemical conditions
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or presence/absence of Fe speditsnce the oxidation of Ni is only limited to the surface of
our particles, which cannberesolveal in these measuremenmse tothe significant bulk phase
contribution in these relatively large pales. Similarly, fitting of the Fouriertransformed
extended Xray absorption fine structure (FHXAFS) data for the first two coordination shells
(Figure 3.14d) suggests similar ND and Nimetal coordination numbers for samples under
OER in Fefree and 1mM Fe containing electrolytes that matches well the values for the bulk
NiO reference. The small differences in®idistances observed in the measurements with and
without Fe in the electrolytare withinthe uncertainties of the EXAFS analysis. EX3\ftting

results in more detail are provided in the Supplementary Informatibre A3.2

The operandoXANES profiles at the Fe #dge, on the other hand, show intriguing features
during the reaction. The shape and position of the main features-imomoalized FeK edge
XANES spectra did not vary significantly under the different tet@hemical conditions
(Figure 3.16pand so, the average oxidatidate of Fe remained 3# §ble A3.3). Although

the shape of Fe ¥dge XANES profiles agree with &FeOs reference spectrurfFigure

A3.17), we cannot differentiate between Fe existing in the form of a LDH or as Fe oxide
aggregates from these measurements. Conversely, we found that the absorption jump at the Fe
K-edge edge changed underf@iént condions. FromFigure 3.16, we can see that the
intensity of the Fe edge step increased after 60 CV cycles, consistent with the Fe incorporation
into the NiO catalyst as seen in the -EEM results and increases further (~ 2x) under
stationaryOER conditionsMore interestingly, the step edge height decreased roughly back to
the level measured after 60 CV cycles when the samples were returned to OCP after 1 hour of
CA, which ruled out bearmduced deposition of Fe being the cawa$ehe step intensity
increasgdiscussed further iAppendix Note3.1). While the Fe Kedge is sensitive to the Fe
concentration variations in both, the electrocatalyst and the electrolyte near the electrode
surface (about 2hdearbietimegeasaved SiEVERXKagslshniicate

thatFe did not incorporate deeper into the bulk of these octahedral NiO particles over time and
only formed a superficial NiFEDH layer. Therefore, the reversible change in HeeK-edge
XANES spectrasuggestan accumulation of Fe from tleectrolyte at the electrode surface
under applied positive potenti&@incewe did not identify changes in the Fe chemical state or
coordination during OER} suggess that Fé" is the primary species present during OER,
which agreeswith previous workooking at theassociated decreasethe overpotentialf!”11°
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Figure 3.16 (a) Fe kedge XANESdata measured inl mM Fe in 0.5M borate buffer and (b)
corresponding increase in Fe edgeder reaction conditions. The Fe edge step was extracted by

averaging over three Fe K XAS scans with standard deviations

As mentioned earlier, our results agree with previmpesrandoXAS studies of caleposited

Ni-Fe films that reported a transitiomfn a mixed NiFe oxyhydroxides surface to one covered

by inactive FeOOH with increasing Fe cont&tdespite the different methods of Fe addition.

Furthermore, ouoperandoXANES andex situEELS data complemented each other by

showing respectively the changes in the Ni and the Fe and confirmed that Fe is indeed

incorporated in NiOOH, which is again consistent with the earlier Sflidie also similarly

observed that Fe exists in the 3+ state, though in our case, the Fe edge intensity consisted not

only of Fe incorporated into the {fie LDH but an additional contribution, possibly Fe from

theelectrolyte, as indicated by the edge jump.

To clarify the reason behind tlthanges in thedge jump, we performedne-resolved ICP

MS experimentso follow the Fe content in the electrolydaring extended operatiorfrigure

3.17. The results show conn i huous

drop

n

t he

el ectrolytebo

in the Fecontaining electrolyteA subsequent switch in the electrochemical measurement

protocol to sustained CAonverselyled to a gradual increase in the Fe concentration, but to

a maxmum level that was still significantly lower than the initial Fe concentration in the

electrolyte. It indicates that some Fe&nainson the NiO octahedra surface, but more likely as

FeQ: aggregates rather than NtE®H based on the TEM data. The Ni contations in the

electrolyte were at least2orders of magnitude lower than the Fe concentrations and remained

largely constant during both CVs and CA in bothdeataining and Féee electrolytes,

although the Ni concentration appeared to incresiggtly over time during CA in Fe
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containing electrolyte as shown figure 3.17. The minimal Ni leaching during operatian
these measurements in line with the high stabilities found during previous IS
measuremenf<® while the gradual increase in Ni concentration ircBataining electrolyte
during CAcan be explained bgome Ni leacimg into electrolyte as theDH degraded. The
details of these experiments &wetherdescribed inhe AppendixNote 32.
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Figure 3.17 ICP-MS results of Fe and Nelemens$ in the electrolyte. Quantification of Fend Ni
uptake/loss in NiO octahedra wasrformed by replicating the ECEM experiments in an 4dell
configuration. The electrolyte samples were collected during cycling (0, 10, 20, 40, 60 and 120 CVs)
andCA (1mL every 10 mins) from the WE compartment.

We can further quantify the Fe uptakedmymparing it against the total Ni content in catalysts
loaded and estimate the NiFe molar ratio during OERcalculations described i\ppendix
Note3.2). The calculations shothat the Ni: Fe ratio increased fromZX:1 at 10 CV cycles to

~1:4 at 120 CVcycles and decreased to ~ 1:2 after 1 hour of CA. These ratios indicate
significantly higher Fe content than that expected from 3:1Hd ratio we obtained for the

thin LDH surfaces fronex situXPS and EDX measurements, especially considering that the
calculated ratios from the ICGMS measurements include all the Ni atoms present in the
catalysts. Therefore, these results imply also that a significant amount of aqueous Fe species
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was bound to the working electrode under OER conditions as suggestesl tighhr edge
intensity found in theXAS measurments Recently, it was shown that there is dynamic
exchange between Fe species in the electrolyte and Fe located on a transition metal
(oxy)hydroxide host during OER in fe@ntaining electrolyte¥° Hence we speculate that the

Fe edge jump observed in the XAS measurements and enhanced surface Fe uptake found in
the ICP-MS measurements is the result of an increased adsorption of Fe species from the
electrolyte on the roughened catalyst surface created by restructuring under applied positive
potential.

3.4 Discussion

These studiestarting from morphologically and structlly well-defined precatalysts and
using a unique combination of tinnesolvedoperandomicroscopy and spectroscopy methods
supported by more conventional analysievide a consistent picture for the incorporation of

Fe into Ni oxides/hydroxides durif@ER and the subsequent degradation of thessmFehed
features during sustained reaction. First, we identify an incremental restructuring of the pristine
NiO catalyst surface during cycling, which in the presence of Fe in the electrolyte, forms a
supericial NiFe-LDH layer. This transformation is associated with a beneficial shift in the
onset potential for OER towarftsver values. A saturation of Fe incorporated into the NiOOH
subsequentially leads to & precipitation, which slowly deactivates tHearocatalystThe
NiFe-LDH createdin situ also degrades during sustained OBR ndicated by a significant
reduction in the density of these flakesHigure 3.11¢leading to less LDH on the catalyst
surface over time, more Fe@ggregates, and a fbdr drop in the electrocatalyst performance
This loss ofthe active surface structures is reflected in the deciedbe operandoXAS Fe

edge intensityreduced surface Fe in tf®TEM-EDX mapsand more Fe detectedin the
electrolyteby the ICP-MS measuementsThis process, however, does not return the NiO back
to an entirely pristine state as indicated by the still increasedéagi XAS signal measured
after reaction Kigure 3.160 in comparison to that recorded prior to any electrochemical

treatmentwhich we attribute mainly to the residual kefDrface aggregates

In short, this study indicates that the NiO surface does not just foNiFe-LDH structures
during OER in Fecontaining electrolyteThese active structures can also be destreyed
while Fe remains present in the electrolyteler an applied static potential. In a way, these
results parallel the stabilization of active Fe sites via dissolution alegpasitionreported

previously?°while demonstrating how these processes may be associated with changes in the
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metal oxide surfacef-urthermoremy work showng the complexrestructuring of a high
crydalline and often assumed stable NiO surfamger reaction conditionsiplies that the true
active structures cannot be easily determined without prior knowtédige catalyst statitom
operandoexperiments.t further indicates a need fatheoreticalcalculations thaextend
towardslattice structureshat are not based dhe starting nickel (hydr)oxide or NiHeDH
pre-catalystsor their terminal states after reactiandis instead based on the evolhaatalyst

(oxyhydr)oxidesurfacethat forms undereaction conditions

3.5Conclusion

In summarythe work in this chapter showisatNiFe layered double hydroxidéNiFe-LDH)
progressively developn the NiO surface in the initial electrochemical cyateBe containing
electrolyte which is followed ly the subsequent formation of Fe@ggregates with extended
cycling and finally, the loss of NiFEDH from the NiO surface during sustained operation at
constant potentialMore importantly, theseesults demonstratehow the catalyst surface
restructuresn response to different applied potentials, which can create or destroy the active

LDH structures.

This workalsoshows how spatially and temporallyresolved ECTEM studies can unveil the
chemical changes that take place in electrocatalysts under reamtiditions and how these
operandoexperiments can inform subsequent detailed investigations that reveal the actual
catalyst surface during react®nMore importantly, it demonstrates how a synergistic
combination ofoperandomicroscopy an@perandospectoscopy can be a powerful tool for
enhancing our understandingeadéctrocatalyst transformation under reaction conditions.
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4 Unveiling Structur al an
Transf oroniatdoen@d®E R

Condi tvi@mer avicca oscopy an
Spectcrop vy

This chapter presents my manuscript draft t
Transformationsof Co(OH) under Oxygen Evolution Reaction conditions Wgerando

Mi croscopy and Spectroscopyo, whaasrdsponstblecur r e
for planning the experiments, preparing samples ahectrolytes, and conducting
electrochemical experimentes situandoperandolT EM experiments under the supervision of

Dr. S. W. Chee and Prof. Dr. B. Roldan Cuenyalyzed the datand wrote the paper with

input from Dr. S. W. Che®r. W. Nie. And Prof. Dr. B. Roldan Cueny@heoperanddRkaman
experiments wereonductedand the corresponding data analyzed by Dr. W. Nie and myself.

Dr. W. Nie conducted the EBFM experiments andrealyzed the dataOperandoSTXM
experiments were carried out By. W. Nie, Mr. S. Fu, Dr. C. Qiu,Dr. C. Kley, Dr. S. W.

Chee and myself. | analyzegerandoSTXM data with the helpf Dr. A. Martini, Dr. S. W.

Chee andDr. W. Nie.Dr. D. Escaleral. fpezconductedhe realtime ICRMS experiments and

analyzed the data.

Building on the work of Chapter 3, | extended the approadhuestigatetransition metal
hydroxide nanosheetsfocusing spedically on cobalt hydroxide (Co(OH) and nickel
hydroxide (Ni(OH)) pre-catalystsThe twedimensional geometries of these sampliésr an
advantagdor applicationgdue to their large surface area, favorable electronic properties, and
the ability to form active catalytic phases during OHRe objectiveof this Chapter is to
describethe structural and chemical changes in Co(@Rgnoshestduring OER bothin the
absence and presence of Fe impuritiesing correlated operando microscoy and

spectroscop. Additionally, this workexaminesvhether the behaviabserved irCo(OH) can
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be extrapolated thli(OH).. Sinceunderstanding the relationship between structural evolution
and chemical state changes is critical, it is essent&ahfgoy bah, operandomicroscopy and
spectroscopy techniques thaltow for red-time observation of the catalyshder working
conditions.The small separation between Co and Fe characterigtay Xnerges, however,
makes it difficult to use EDS falementaimapping, unlikewhat I described in the previous
chapter Hence, wealso devebped a comprehensivestrategyusing correlatedoperando
microscopywith TEM, AFM and STXMto direcly visualize the surfaceevolution of the
catalysts.The spectramicroscopy data from STXMvas further combined witloperando
Ramanspectroscopgxpermentsto follow the evolving chemicatature of thecatalyst under
reaction conditionsThisintegratedapproachprovides an irdepth understandingto howthe
dissolutionredeposition cycles observed in Co(QHiffers in the absencand presence of Fe
impurities, and the consequemipact on the distribution of catalyst species present.
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4.1 Introduction

Transition metabasednaterials ave emerged as promisietectrocatalystfor OER.Cobalt

(Co) (hydr)oxides in particular, have been foundetfecive because they can kgnthesized
with high surface areto-volumeratios butthese materialalsoundergo significant structural
changessuch asCo leaching and redepositionnder high applied potentias®® which
compromise their stability and performance over #né?*22 Recent studies havalso
highlighted the role of iron (Fenpuritiesin influencing the OER p&rmance and stability

of transitbn metal(oxy)hydroxide$® 123124 \Whether intentionallyr inadvertently added, Fe
can enhance the catal§sperformance through various mechanisms such as lattice distprtion
modificationsin electronic structur@>!?% and changein the surface morpholody®. While

the advance adperandospectroscopy work under electrocatalytic conditiorslé@to better
understanding ofhese transformatios, detailedmicroscopicinsights into thdocal changes
during reaction and in the presence of metal impurities remains $€4ltds alsocommonly
observed thahigher catalytic activity can lead to decreased stability, revealing adffide
between these two crucial properttést?® Furthermore, the convolution of structural and
chemical changes during OER and ourbihy to track both aspects of the material
concurrently makes it difficult for us to obtain fundamental insight into the role of Fe in
enhancing the catalytic activity of the host materialevious studies havadvanced the
understanding of catalystdructuring and theole of Fe impurities in electrolyteduring OER
However, much of tis research halied heavilyon ex situanalysis osinglein sit/operando
techniques These approaches have limited the ability to capture the full scope of dynamic
transformations that occur during OER. As a result, insights into structural and chemical
evolutions remain fragmented, providing incomplete explanations of how this inftuence
catalytic performance. A more comprehensive, ntalthniques methodology igquired to

achieve a deeper understanding of catalyst behavior under real operating conditions.

In this Chapter | study the structural and chemical state charigkimg place in a model
Co(OH) nanosheet preatalyst during reacti@in the absence/prasee of Feusing a series
of operandomicroscopy studies that encompass both structure and chemiceadestatitve
methodsAdditionally, operandoRaman spectroscomndtime-resolved inductively coupled
plasma mass spectrometry (KGFS) were used to prome ensemble chemical state of the
catalysts anccompositional analysisf the dissolved species ithe electrolyte over time

respectively We reveal thatvithout Fe in the electrolytethe surface oC o ( O deprades,
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which leads to the formation GoOHy over the entire working electrode surfaGenversely,
Fe incorporation stabilizehe structural integrity of the nanoshedisough the formation of
Co(Fe)OOH and reducetheamount oftheredepoged phase formedhis work shows how
Fe controls the formation of secondary redepositetf §pecies challengng the common

hypothesighatFelimits Co oxidation during OER.

4.2 Experimental Methods

4.2.1 Synthesi®f Co(OH)2 Nanoshees

The Co(OH). nanoplateswere prepared using a hydrothermal metidétiTypically, 47.6 mg
of CoCbk-6H.0O wasadded intd?0 mL NaOH (0.1M)solution under rapid stirring. After that,
0.4 mL of NoH4 was then dropped into above mixtwrgile continuing to stir. fie resulting
solutionwas then transferred to4® mL Teflorlined stainless steedutoclave and heated at
120 A C Affercallowifg thie system to cool naturally to room tenapere, the precipitates
were collected by centrifugation, washed wiittra-pure water, and absolute ethanol, and

finally dried at 60°C overnight.
4.2.2Synthesis ofNi(OH)2 Nanoshees

The N{OH). nanoplatesvereprepared using a hydrothermal metiddrypically, 891 mg of
NiCl2-6H.0 wasadded intB.75 mLultra-purewaterunde rapid stirring. After that, 3.7&L
of 2 M NaOHwasintroducedinto the above mixturevhile continuing to stirAfter that, the
resulting solution was centrifuged and then washeduiiith-purewater forthreetimes.Then,
the participation was dissolved into 30 rof_ultra-purewater and transferred into a 40 mL

autoclave. The autoclave was heated at 18fbr 10 h.The geen powder of Ni(OH)was
collected and washed withitra-pure water andethanol several times and then dried at 60

overnight.
4.2 .3Structural Characterization

Tramsmission electron microscopy (TEM) was conducted using ak800nagecorrected
(scanning) transmission electron microscope (Thermo Fisher Titan). Spherical aberration
corrected electron microscopy was carried out on a-ARMZ200F electron microscope.
Scaming electron microscopy measurements were performed in a 30 kV Apero scanning
electron microscope from Thermo FishEurtherdetails on theelectrochemical cell TEM

experimentspperandoX-ray absorption spectroscopyperandoRaman spectroscopy, I€P
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MS experiments electrochemical cell atomic force microscopy, and synchizsed
operandoscanning transmission-ky microscopy experiments are providedhaAppendix
to Methods

4.2 A EX situ Electrochemical Measurements

Catdyst activity was measured aoom temperaturé a custordbuilt threeelectrode cell

without glasgThermo Scientific, PPCQgyontaining electrolyte solutioifhe setup consisted

of a carbon paper working electrode, an Ag/AgCI reference electrode, and a carbon counter
electrode, altonnected to a Biologic SB40 electrochemical workstation felectrochemical
measuremento(OH) nanosheets were loaded onto the carbon paper, which served as the
working electrode.The working electrode was prepared as follows: 5 mg of Co(QH)
nanoskes were dispersed in 10 mL of isopropyl alcohol (IPA) solution. The mixture was
sonicated for 30 minutes to create a homogendusin Subsequently, 20 €L
was carefully deposited onto the carbon paper, covering a geometrical area of0@¥ctim
voltammetry (CV) curves were recorded at a scan rate of 20 hid assess the catalytic
performance for the oxygerevolution reaction (OER). Electrochemical impedance
spectroscopy (EIS) measurements were carried out across a frequency range from 100 kHz to
0.01 Hz, with an AC potential amplitude of 5 mWhe electrochemically active surface area
(ECSA) was estimated Iperforming CV cycles in a nefaradaic region at five different scan

rates: 20, 40, 60, 80, 100, and 120 m¥ The doubldayer capacitance (} values were
derived from the CV curves at various scan rates within the potential rang® bMOversus
Ag/AgCl. The ECSA was calculated using the relationship:

ECSA=Oqgx06s *

where Cs is the specific capacitance of the sample, typically 0.040 m¥fema metal
electrode in NaOH. The resulting ECSA is expressed in square centimet&ts (cm

4.25 Electrolyte Purification

The electrolyte purification process weesried out agescribed irChapter 33.2.2 following
themethodoutlinedby Trotochaud et &1 used 2y of Co(NQ)2AH:0 to prepareprecipitate

of Co(OH) instead of Ni(OH) for the electrolyte purification.Specifically, 2 g
Co(NOs)2AH,0 were dissolved in L of 18.2 ultrapure water, and then 20 mL of 1 M NaOH
were added to obtain precipitated Ni(QH)he mixture was washed with 200 mL of urare

water and 20 mL of 1 M NaOH, and then centrifuged to obtain the supernatant. After that, the
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supernatant waasdded into 500 mL of prepared borate buffer for purification and kept for 3 h.

Finally, the mixture was centrifuged to obtain the purified borate buffer supernatant.

4.3 Results and Discussion

4.3.1Activity Trend for Co(OH)z in the PresencéAbsenceof Fe

The cyclic voltammetry curves were recorded to study the redox characteristic fingerprints of
the asprepared Co(OH)and establish structwativity correlationsHere,l specifically usd

a 0.5 M borate buffer as electrolyte because of its moderaiiedyiree pH. Since he anodic
dissolution of Co(OH) is faster at lower pH? 122 this approachallows for accelerated
degradation studies within the time constraintsdrandomicroscopy experiments$: | note

that similar electrochemical mechanisms of Co(©bferate across a broad pH range from
mildly to strongly alkaline condtion'$#33 Two redox transitions cathodic to the OER catalytic
wave at ~ 1.24 V (oxidation wave Al, reductiwave Clin Figure 4.1 and at ~1.54 V (A2

and C2) are observed, typically attributed to thé*@w** and C3*/Co® * Yedox couples,
respectivelyT h e p a r iausadher to danoteither a higher oxidation state of colait
areconfiguration ofn the oxygen chemical state and electronic structuithin the systerfY

under OER conditionsThe CV curves indicate that the surface of Co(orBnosheets
transformed into amorphous CoOOH a@dOx during the anodic scan, shomg that the
surface structure and composition of Co(@#&he dynamic during CV cycling. When Fe was
introduced into the electrolyte, the Co redox wave shifted positively by 50 mV and the
integrated peak area decreasdthis shift suggests that Fe was imparated into the
oxyhydroxide structure, forming Co(Fe)OOH (that also contains sudlaserbed Fe) with
enhanced OER activity. The positive shift of tBeOHy wave upon mixing with Fe is
consistent withthe known behavior when Fe is -@eposited, whichsi crucial in limiting host
restructuring and associated intermixing that drives the redox transitions. This behavior is also
reported for NiFebased catalyst&: 122In the Fe-free electrolyte, the gradual increasedtie
anodic current is attributed to the slow activation of the electrocatalysts, faxmamgorphous
surface and the redepositing Co speciethenarbon substrate. In contrast, a more pronounced
enhancement in OER current density was observieife-containing electrolytandicating

the formation of Co(Fe)OOH with a higher intrinsic Og&formance.

A more pronounced increase in electrochemical surface area (ECSA) was observaeéen Fe

electrolyte comparkto the Fe-containing electrolyte, indicating that the Co(QHanosheets
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after 100 CVs irtheFefree electrolyte provide moretae sites during OERA{gure 4.1cand

Table A4.). Thesesignificant increases in ECS#elikely due to the extensive amorphization
of the nanosheets and greater redeposition df&3ed species the form of smaller particles
in the absence of Fe, asnfirmed by following TEM analysis. The extensive amorphization

and redeposition of Co species time Fe-free electrolyte, leading to a more pronounced

increased ECSA, contrast with the more stable structure observedamfaing electrolyte.

It suggets that Fe incorporation helps maintain the structural integrity of the catalyst.

Addi

tionally, a

decrease in

Taf el s |

ope

in Fecontaining electrolyte was observed, while the Tafel slopes -irdléeeleatolyte for
Co(OH), before and after 100 CVs remained7 mV dec (Figure 4.19. Although the

Tafel slope does not account for structural evolution under reaction conditionssedisere

to verifythatt h e

el

ectrochemi

cal

preetdinder ourerperenental

conditions are consistent with pewus work This finding alsoaligns withpreviousreports

fron

Co (¢«

that Fe incorporation can modulate the OER mechanism, possibly by facilitating more efficient

electron transfer processgs. 134
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Co(OH) nanoplatesvere dropcasted on a carbon paper. Note that the current density was obtained
based on the average of ECSAs before andthielV cycles. The slow increase in the anodic current

is attributed to the activation of the electrocatalysts. Insert of (oauade the enlarged displays of (a)

and (b) for the potential range between 0.87 to 1&:&.\(c) The electrochemical surface area (ECSA)

test was evaluated by measuring the doidter capacitance (Cdl) obtained from CV curves at
different scan ratespJ ( =J a1 J ¢ )n Fefree a@oF&dtdiping electrolytes plotted against

the scan rates. The slopes @Gvere used to represetie ECSA. The unitothes | opes 4 s mF
(d) Tafel slopes of OER on Co(OHn Fefree and Feontaining electrolies. Tafel analysis was
performed on voltammetry data collected at 1 mi\father than using steadyate measurements, due

to the changing composition and activity of Co(@kyer time. The Co(OH)nanosheetss exhibit
similar Tafel slopes dD57 mV dec' before and after 100 CVs in fiee electrolyte, as well as before

100 CVs in electrolyte with 0.1 mM Fe(NJo, suggesting a rati@miting chemical step following the
first electron transfer. The decriateslée0CVaoyclédsaf el
in Fecontaining electrolyte indicates more favorable reaction kinetics, implying a second electron
transfer ratedetermining step.

4.3.2Morphological Evolution Monitored by EC-TEM during Cyclic Voltammetry

Electrochemical cell transng®n electron microscopy (ETEM) experiments were
performed to reveal the morphological evolution of Co(&tanosheets under OER conditions,
with a specific focus on how Fe incorporation impacts this process. Jre@ared Co(OH)
nanosheets are hexa@ in shape, with widths ranging from 80160 nm and a thickness of

20 £ 5 nm, as shown iRigure 42a,band further corroborated iRigures A4.1to A4.2. A
selective area electron diffraction (SAED) pattern reveals a sorgktalline hexagonal latic

with a dspacing of 0.281 nm, corresponding to the lattice parameter of the (100) facet of
Co(OHY. (Figure 4.23'° wi t h-phase d&s confirmed by Raman spectroscdpyu(e
4.2d).136'137

70



4. Unveiling Structural and Oxidation State Transformations of Co(OH)2 under ©E#RtiGns via
Operando Microscopy and Spectroscopy

@ c ore

Intensity / arb. units

— as-prepared Co(OH),

200 400 600 800 1000 1200
Raman shift / cm™

Figure 4.2 (a) Ex situSEM and (b) STEM images of-asepared Co(OHnanosheets. (c) SAED image
of asprepared Co(OH)sample. (dEx situRaman spectrum of ggepared Co(OH)nanosheets.

Figure 43a,b depictthe image sequences acquired dumpgrandoEC-TEM experiments
tracking the same Co(Ok3amples at different reaction times under CV cyclingdt £5 and

90 minutes (see ECEM movie inMovie A4.1 and extended image sequenceBiture A44

and A45). The representative CVs from these experiments are plottedjime 43c,d. The
depositiorof newparticleson the electrode is evidenced by higher gray levels compared to the
initial pristine surface.Chemical mapping using energispersive Xray spectscopy
indicates that materials deposited on the carbon substrate are primaaitgltbat theyikely

arise from the redeposition Gfo specieglissolved in the electrolyte during operatiéing(ire
4.3e,fand A46). In both cases, we see the formatiomeW material on the carbon substrate
as highlighted by yellow arrows in the image sequences. Comparatively, there is more
extensive material deposition underfifee conditions.The electrochemical datdsoindicate

that the current densitydoubled with extended CV scanning ithe Fefree electrolyte
indicating smalhanoparticles formatig? whereast increaseckightfoldin the Fe-containing

electrolyte.
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Figure 4.3 Snapshots extracted from the videos trackingrtbgohologicakvolution of Co(OHyin (a)
Fefree 0.5M borate buffer andb) 0.1 mM Fe(NQ)s + 0.5 M borate bufferChangesbserved in
different regions ofthe carbon substrate are highlightéd (a,b) by yellow arrows. Cyclic
volammograms obtained ic)(Fefree 0.5M borate buffer andd) 0.1 mM Fe(NQ@)s + 0.5 M borate
buffer duringoperandoEC-TEM experimentsEx situSTEM-EDX images of Co(OH)samples after
100 cycles of CV scanning ire)(0.5 M borate buffer and)(0.5 M borate buffer + 0.1 mM Fe(M)s
afteroperandoEC-TEM experiments

To better visualize theatalystsurface anthe material on thearbon substraturing reaction,
thesamples wer extracted fronthe operandoEC-TEM experiments antlirtherexaminedat
higher spatial resolutiowith STEM/TEM. Figure 44 shows the ex situSTEM images of
Co(OHY nanosheets after 100 CVs inffee and Fecontaining electrolytes, respectivéilso
seeFigure A47-A4.8). Theseex situimagescorroborateour in situ observationsshowing
significant suface restructuring of Co(Oklhanosheets anchaterialgrowth onthe carbon

substrate
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As-prepared Fe free

Figure 44 Ex situSTEM imagesf (a,b) theaspreparedCo(OH) sample and imagegfter 100 CV
cyclesin (a,b) 0.5 M borate buffeand (c,d)0.5 M borate bffer + 0.1mM Fe(NQ)s solution after
operandoEC-TEM experiments

To confirm thee observatios and rule out anwrtifacts due to the extended expostaréhe
electron beaml, repeated the experiments on the Co(Phgnosheets dispersed a highly
oriented pyrolyit graphite HOPGQ. Postreaction SEM images of the nanosheet®aledhat
similar nanosheet morpholody both the Fe-freeandthe Fe-containing electrolytes but more
redeposition of Co species was found in the samples reacted in the absenascohijEared
to these reacted in the presence of Feguie 45). In the Fefree electrolyte, the carbon
substrate exhibits a higher amount of redeposited Co s@stespared to the Feontaining
electrolyte. The black regions represent the carbon subsivhile, the grey areas in the

background correspond to the redeposited Co.
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{a) ‘As-prepared Co(OH), :

..“ o)

Figure 45 Ex situSEM images of the Co(Okl¥amples. (&) before OER, ¢,d) after 100 cycles of

CV scanning in Réree 0.5 M borate buffer solutiorg,f) after 100 cycles of CVcanning in 0.5 M

borate buffer + 0.1 mM Fe(N{§ solution using the standard benchtop electrochemistry setup. The
samples were dropcasted on a HOPG suppattielRe-free electrolyte, the carbon substrate exhibits a
higher amount of redeposited Co spedgsen as smaller Co nanoparticlesmpared to the Fe
containing electrolyte. The black regions represent the carbon substrate, while the grey areas in the

background correspond to the redeposited Co.

4.33 Co/FeDissolution Quantification: Time-resolved ICP-MS

To gather further insights into the role of Fe in stabilizing Co¢Qidler OER conditiong,
monitored the dissolved Co and Fe content in the electrobgeusing ex situ ICP-MS
measurementslhese measurements weerformed in an kFtell where iquid aliquots were
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periodically extracted from the working electrode (WE) chambir the helpof collaborators

as mentioned in the beginning of the Chap®¥R measurements the Fe-free electrolyte
(Figure 46a, [ Fe] ™héindidate ¢hgt Cd(OH)undergoes significant dissolution after
exposure to the electrolyte at OCP followed by increased Co dissoait@BR potentials,
peaking at the highest potential employed (1rAgY. Co redeposition at the WE described

by a decrease ithe Co concentration in the electrolyte upon decreasing the OER potentials
from 1.7 to 1.3 MxEe: concentration values after OER are analogous to those measured in the
preOER potenti al wi n)dsmggesting «Cfaiy] reveisible Go dissplution
redeposition mechanism onto the WE. Analogous measurements upon intentional addition of
Fe (Figure 46b, [ Fe] Yhdo dAot yielyl a tlear trend concerning Co dissolution as a
function of OER potentials applied. We hypotlzesthat this is due to thenavoidableCo
impuritiesthatarecontained in théigh purityFe saltused(0.7 ppmCo impurities in Fe(Ng)3

99.95% trace metals bagighich increasgethe Co content present in the electrolyte by ca. 40

e g L. Thisimpurity level, in addition to the suppressed Co dissolution observed {ABE

and EGTEM measurementsnasksany Co variations in the electrolyte as these changes are
expected lower than the dissolved Co contentinthp Ber i f i ed el ecliseen| yt e
Figure 46).
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Figure 4.6 Dissolved Co contents in (a) fperrified and (b) Feontaining borate buffer electrolytes

during OER measurements elucidated fronsiéx ICRMS electrolyte quantification.
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4.34 Structural ChangesMonitored by OperandoRaman

Operardo Raman spectroscopxperiments were carried out to monitor the structural and
phase compositiochangesof a Co(OH) nanosheet ensembl&éhese measurements were
performed in collaboration with Dr. W. Ni&he characteristiqgpeaks of CeéD-Co vibration
band (Eg, centered at ~505 cHhand CeO vibrationband (Alg, peaking at ~601 cinof the
CoOOH phase appear when immersing in bthle Fefree and the Fecontaining
electrolytest®613%7 (see Raman spectraliigure A411). No significant shifts were seen in the
Egand Agband positias as a function dheapplied conditionsglevated anodic potentials in
Fefree electrolyte as shown igure 47aand aftemultiple CV cycles inthe Fe-containing
electrolyte as shown in Figure 4which is in agreement with previous repdffsThe absence
of a shift in the Ag representing thstretching vibration®f the cobalt atoms with both the
bridging and terminal oxygen atoii$do not, howeverule out changes in the Co oxidation
state because the different oxidation states of Co ions bonded to oxygen atooms/ahgted
togeher in theAq vibrations*® Conversely, théntensity ratio of the Epeak to the A; peak
(Ied1a1g) exhibits a slight increase followed by a decreases with extended CV dyicjes(
4.7d). This behavior suggests that CoO®@tHially forms on the Co(OH)surface during the
early cycles, butis cgling continuesthe rhombohedratonfiguration of Co® with £-oxo
bridging between Co ionig the CoOOH phases becomes distortéd’#? which indicates a
gradualamorphiation of the catalyst surface.

In the Fe-containing electrolytethe K band underwent a noticeable blue shifig(ire 47b)
when exposed to applied potentials, accompahied markedncreasen the Eglaig ratio
(Figure 47d) afterinitial Feincorporation (after 10 CVsYhese changes suggewodifications

in the local environment dhe CoGs octahedraandin the polarizability of théeg vibrational
modelikely due to Fancorporation A comparable peak shifE{gure A4.4) is also observed

in the Eg band, at approximately 520-tnm CoFeLDH nanosheets with similar shape and
size that | prepared as reference, and with a Co : Fe ratio of 2 : 1, which further support
associating this shift with the integration of Fe into Co(H)contrast to Fdreeelectrolytes,

the Ed/laig ratio increasd significantly after 10 CV cycles and then gradually declined with
additional cyclegFigure 47d). Despite this decline, the ratiemainedhigher than the initial
ledla1g Value measured dDCV in the Fe-containingelectrolyte, which suggests that Fe
stabilizesthe CoOOH structureAs for the broadA:14 peak, we observed more diverse changes
during CV cycling andat elevatedanodic potentialwhich we attributed to a structural
reconstruction by o(Fe)OOHformation143144
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Figure 4.7 OperandoRaman spectra collected on the Co(&hAnosheets in Feee 0.5 M borate
buffer and 0.1 mM Fe(Ng)s + 0.5 M borate buffer electrolytes under different reaction conditiops. (a
Spectra were first collected at open circuit conditions, followed by collection after 10 CV cycles from
0.9 to 1.7 ke at a scan rate of 20 m\AsSubsequently, spectra were collected at applied potentials
within the range of 1.1 to 1.7rMe with eachpotential maintained for 15 minutaadOperandoRaman
spectra collected on the CGEBH nanosheets in Feee 0.5 M borate buffeat open circuit conditions
andat applied potentialsf 1.3 and 17 Vrue after 10 CV cycles from 0.9 to 1.7:M: at a scan tta of

20 mV st. (b) Enlarged view of the spectoh Co(OH) nanosheeti (a). (c) Spectra were initially
collected at open circuit conditions, followed by collection after 10 CV cycles from 0.9 to:ds AtV

20 mV s! scan rate. Afterwardhesamples wre subjected to applied potentials within the range of 1.1
to 1.7 \kueWwith each potential maintained for 15 minutes. Additional Raman spectra were collected
after 30, 50, 75, and 100 CV cycles, respectivi@ylntensity ratio of the fpeak at 505 crhto the

Aigpeak at ~601 crhas a function of CV cycle number.
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At the OER onsgpotential the Aigpeak maximum shiftebackto a lower wavenumbetr570

cmil, compared with the center peak position (601'gmaf Co-O vibrations in Feree
electrolytesThe same peak is also observed in@od-eLDH sample aDER onset potentials
(Figure 4. 7andFigure A414), suggesting that it originates from the formation of Co(Fe)OOH.
Such changes in the Raman spectra have previously been correlated with a dedhease in
average oxidation state of Quring the OER proces4® The shiftof A1g peak maximum is
irreversible with extended CV cyclesigure 47c), and the gradual decrease @flh1g values
(from 30 CVsto 600 CVs) Figure 47d) suggest continuouSo(Fe)OOH formatioron the
catalyst surfaceThese results, howeveatp notdifferentiate between the oxidation states of

the nanosheets and the redeposited species.
4.35 Investigation of the Structural and Oxidation States Changesby OperandoSTXM

To probe thechemicalstate of Co during OER ia spatially resolved manneve empbyed
operando scanning transmission (softf-ray microscopy (STXM)experiments using a
reaction cell for synchrotron wdtk similar to our EGTEM system These measurements were
carried out with tk help of synchrotron staff and collaborat@$XM image stackat the Co
Li1-edgewerecollectedat OCV, after 10 CVs, at CA (oxidative peak potential, 1.3@:&), at

CA (OER onset potential, 1.6%r+E), at CA (reductive peak potential, 1.3@A¥), andthen
after 90 CVs.Referencespectra was also measured foo(OH)» and CoOOHunder dry
conditions(Figure A415). Figure 48 shows the STXM images acquired at a photon energy of
780.0 eV. Although we cannot directly visualize individual nanosheets apé#tialsresolution

of STXM, the imagestacks provide us with the Ca edgeX-ray absorptiorspectra XAS) at
individual pixels andallow usto associate the oxidation states of Co to the structural

evolution3? 46that we have described earlier.

Firstly, we find that the Co(OHno longeremairs in the 2+ oxidation state after immersing

in theelectrolyte.Figure 49a comparesolor-codedcompositemapsof images extracted at
780.0 eV 780.6 eVand 780.9 eVreprsentingthe distributions ofCc?*, Co**, andCao® * ¢
specie®® respectively after the Co(Oknanosheet are immersed in the-flee and Fe
containing electrolytesVhile image extraction at a singhmergy level is insufficient for a

clear assignment to different Co species, it provides a general overview into the distribution of
Co oxidation states and how it evedunder different experimental conditiorf2articularly,

the composite maps reveahanuniform distribution of cobalt oxidation statasd the more
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intense blue tint surrounding the nanosheets aggregates can be explained by the conversion of
Co?" to its more oxidized forms={gure 49b andFigure A4.B).

OCV == After 10CVs == CA@1.30Vpye ™= CA@1.65Vp,, ™ CA@1.30Vp, == After 90CVs

F

Fe free

0.1 mM Fe

Figure 4.8 OperandoSTXM images 6Co(OH), at a photo energy o8D.0 eV under different reaction

conditions.The scale bar in the images is 500 nm.

The extracted spectra over individual nanosheet aggregatesg 49c) also indicateghatthe
Co(OH)» no longerremairs in the 2+ oxidabn state after immersn in the electrolyte
Additional, Co Ls-edgeXAS spectrarom differentselected regionare provided inFigures
A4.17-4.18. It should be noted that tlmemplex overlapping featuresf the Co?*, Co**, and
Co® * I3 edgeXAS spectré®, andthe absence of reference spectra fot Onakes it difficult
to quantitatively decompogge individual componentsf Co**, Cc**, and C8 *.!Nonetheless,
as shown irFigure 49c, the CS* peak at 80.6 eV andthe Co® * peakestimatedat 780.9 eV
became more pronounced, while thé'Qmeak at 80.0 eV weakenedfter 10 CVs, indicating
a gradual conversion of €ointo Co™* and Cd *.“The absorption profile towards higher
energies at the Co oxidative peak potential and at the OER onset potentiale itickfiather
oxidation of Cd". Following CA a reductive potential and 90 CVs treatments, the Eedge

shifted back tdower energy levels.

Interestindy, the spectra extracted from the areas between the nanosheetsirfidittade that

the redeposited Co@Hy are present only in the €candCo® * &tateqFigure 49c andFigure
A4.19-A4.20). To better visualize and compare the oxidation state change under the different
electrochemical conditions, we plot the intensity ratios between 780.8/7%30. and
780.9/780.6 eV to estimate the ratiolefs+/Ico2+and ko 3/laos+ respectively, in sample areas

and norsample areas, as well as across the entire imagerageas(49c).
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Figure 4.9 OperandoSTXM analysis of Co(OH)at the Co k-edge. (a) Spatitemporal chemical
evolution with respect to flerent reaction conditions in 0.5 M borate buffer and 0.1 mM Fe(NO
0.5 M borate buffer (a) at OCand (b) under applied potential (1.6%+¥). Chemical phase maps
obtained by linear combination fits of XAS data at each pixel (see Methods in the&lifting results
(chemical information) and averaged optical density (morphological information) are shown by the
color legend and transparency, respectively. The presenceohtCt800 eV, CS* at 7806 eV and
Co® *&t 7809 eV was assigned to red, green and blue colors, respeciitielgcale bar in (a,b) is 500
nm. (c) OperandoXAS from the selected regions with Co(QHpnosheets iRigure A417 area 1 and
FigureA4.18area 1, the selected regions without Adj§hanosheets iRigure A419area 1 anéigure
A4.20 area 1, and the entire image area. The energy position of-dugk absorption features for<o
(780.0 eV), CG* (7806 eV), andCo® * {7809 eV) are indicated as dash lines. (d) Intensity ratia as
function of different reaction conditions in the regions with or without Cof@Biosheets, as well as
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across the full STXM image ar€Bhe intensity ratio value is given tieeabsorption intensityebs/icoz+

or ic o 3/iqo3+

The same analysis wasrgad out for the reference samplésgure A421) to provide a
baseline for the comparison. First, thes+/Ico2+ratio is lower under applied potential with the
Fe-containing electrolytandicating a weaker increase in oxidation state, but we argtuthiba

is not a change in the intrinsic oxidation state of Co but is rather a reflection of the reduced pre
restructuring leading to a smaller €@opulation, which skew the distribution of oxidation
states and the shape of the obtained spectra. Condistesilaos+ ratios were found across
areas with and without nanoshedtslicating that the amount of €ahat can be converted to
Co®*fsrelativelyfixed To further clarify Febds influenc
various conditionspperando STXM analysis was conducted orCaFelLDH system with a

Co : Feratio of 2 : 1 (Figuré4.22). The Co l-edge XAS spectra obtained under controlled
experimental conditions closely matched those observed for Co(Qdtposheets. These
results again reinice our conclusion that Fe primarily stabilizes the catalyst morphology,
rather than altémg the oxidation state of C&Ve also highlight here that the electrochemical
surface area of the restructured catalysh@tefree electrolyte is much higherah inthe Fe-
containing electrolytel{able A4.), further supportinghatthe change in activity is more likely

an intrinsic effect of surface Fé 1448 rather than a change in the Co statafortunately,

the changes in the Fedgecould not be reliably tradd due to the small amount of Fe
incorporated, thereby limiting the signal to noise in the Fe mdpeetheless, our results
revealing aslower catalyst dissolution/redeposition and the heterogeneitycal loxidation

state still clariy the primary impact of Fe.

First, we note that while our results are largely in line with previous work indicating that Fe
impurities from the electrolyte predominantly incorporates into Cof@tjurfaces edges and

defecs sites}***>they also highlight how the impact of catalyst restructuring can be obscured
within the ensemble behavior probed by electrochemical measurementsparahdo
spectroscopy experiments. Our spatiaigolved STXM data show that the restructured Co
nanosheet surface and the redeposited Co species both show 3+ oxidation state and hence,
would be indistinguishable in, for example, the redox peaks measured in CVs and manifest as
a general increase the dwydroxide phase process. Even though there is previous work that
suggests Fe may suppress the oxidation state of Co, they are also based on epseanicle

spectroscopy measuremetts. 152152 Based on our wotkwe propose instead that the
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differences in spectral features represent a changee intrinsic oxidation state of Co but
rathershowFed s r stdbibzing the precatalystmorphology If we combineSTXM data

into an ensemble averaged picture by aering the entire imagé-jgure A423), the spectra
acquired in Fdree and Fecontaining electrolyteHigure 49c) indeedindicate a smaller shift
towards higher energguring OERIn the Fecontainingexperiment that would give the
perception of a lowenxidation state if one considers the results without the spatially resolved

information that we had presented.

We also highlight here that studies investigating how Fe changes the morphology of the
Co(OH) pre-catalysts during reaction has been limitezsmte the extensive research on these
materials. Most previous wotkasdiscusedthe effect that Fe has on the oxidation state of the
host and had also been concentrated inbdised materials and it is often assumed that this
behavior extrapolates toodbased materiafs’® 1> Most examples on the topic in existing
literature has also been on doped samples where Fe is already present irctialysts*":
152153|n contrast, our results drawn from an array of ensemble andloeandoexperiments
provide mechanistic insight into how the presence of Fe in the electrolyte influences the
restructuring of Co(OH)via the formation of surface Co(Fe)OOH. This work also adds to the
increasing evidence that the two transition metals difféerms of the detailed behavif:

155We show in Figure 410, a comparative study on Ni(Ofanosheets of similar shape and
thickness, which revealed no significant reconstruction of Ni¢ONtably, this behavior is
opposite to that reported by Dettieal 1°° where their Co(OH)materialsvere more stable than

their Ni(OH) nanosheets. Theadtility is usually attributed to the strong @b bond in
CoQH, % B8 restricting intrinsic structural dynamics tfe Co-based system. Our wark
however, indicates that this behavior does not extend to alltcorslivhere the preatalyst
stability inverses at lower pH conditions (9.8 in our work in borate buffer versus 13 in previous
work using 0.1 M KOH electrolyte) and Co(QH)ndergoes extensive restructuring via
dissolutionrredeposition into structures trae vastly different from the pi&talyst form. This
discrepanc¥r® can, nonetheless, be understood when we consider that Co is close to the phase
boundary between Co being stable as'@ms or Co(OH)in the Co Pourbaix Diagram at pH

9.8 whereas Ni(OHis stable in this pH rang&®
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Figure 4.10 (a) Ex situSEM, (b,c) TEM and (c) STEM images of-pepared Ni(OH) nanosheets.
Snapshots extracted from the videos tracking the morphological evolution of Ga(Qd) Fefree

0.5 M borate buffer and (f) 0.1 mM Fe(N@+ 0.5 M borae buffer.Ex situSTEM images oinas
prepared Co(OH)sample after 100 CV cycles in (g,h) 0.5 M borate buffer and (i,j) 0.5 M borate buffer
+ 0.1 mM Fe(NQ)z solution afteoperandoEC-TEM experiments.

Consequentlythese results highlight a need forbae t t e r understanding
morphological stability at different pH values, particularly, if we aim to design effective and
durable catalysts that work at milder pH values. Our work afsterscores the ad for
operandaomicroscopy work combimig structural and chemical investigationt® the specific
behaviors of each materialander to derive a more accurate picture of the mechanisms at work

duringelectrocatalysis
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4.4 Conclusion

In conclusionthis work providesa fresh perspective on Wwd=e modulates the behavior of Co
under catalytic conditionthrougha detailed investigation into thetructural and chemical
changes inwell-defined Co(OH) nanosheetgpre-catalystsunder OERconditions,in the
absence or presence B& mpuritiesin the electrolyte Specifically, without Fe, Co(OH)
undergoes extensive restructuring into a disordered x@pPhase, leading to catalyst
degradation and diminished stability. In contrast, Fe incorporation stabilizes the Go(OH)
structure byforming Co(Fe)OOHphasewhich not only mitigate€o dissolutiofredeposition
butenhanescatalytic performanceélhe reduced dissolutieredeposition cycle in our system
directly contributes to the lower average oxidation stat@obbserved. While these results do
not peclude that Fe can change the oxidation state of Co localyinalingsindicate that the
change reported previouslyn the spectra features can instead be explained by the smaller

amount of oxidizable C6 species arising from Fe stabilizing the-satalyst.

This Chaptealsohighlightsa holistic approacto understanihg catalyst behavior during OER

by integrating acomprehensivsuite ofoperandomicroscopicand spectroscopitechniques
These tools provide reéime insights into surface dynamiesid chemical transformations
under working conditions, allowing for a detailed investigation of key processes, including Fe

impurity incorporation andissolutionredeposition cycles observed in Co(QH)
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50l mpact of Al kal i Cations
Reatcrt uring during the Ox)

Reacti on

This chapter presents my manuscript draft i t Impatt offi Alkali Cations on NiOOH
Restructuring during the Oxygen Evolution Reaatign whi ¢ h leimg pecepared om t | y
submission| was responsibleof planning the experimentpreparingsanples ancelectrolytes,

and conductinglectrochemicagxperiments under the supervisiof Dr. S. W. Chee and Prof. Dr.

B. Roldan Cuenyadn addition to performin@x situTEM measurements alsoanalyzed the data

and wrote the papevith input from Dr. S. W. Chee andrDM. C. O. Monteira The operando

Raman experiments weoenductedand the corresponding data analyzedyL. C. Bai and

myself Dr. W. Nie conducted thdéurther EC-AFM experimentof the same saples under the

same conditions

This chapter extendsy discussiorof impurity effectsbeyondFe Particularly, i highlightsthe
often-overlooked role of sodium ions (Nalt has been widely observed that alkali metal cations
in the electrolyte modulatthe activity of electrocatalysts for many reactiodswever the
specific nature of these cation effects in the oxygen evolution reaction (OER) remains a
controversial topic, and most previous work only consillerstics rather than structural aspects.
Here | usewell-definedNi(OH). catalystsas a model system to investigate its structural evolution
in potassium hydroxide (KOH) ithe presence afontrolledNa* impurity concentrationsThe
resultsreveal a disparity in the sherand longterm electroatalytic performancéetweenthe
different electrolyte compositionehich we attribute to cation intercalatioiniven structural
changes.
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5.1 Introduction

Alkali metal cationgn the electrolyte are known to affetie performance aélectrocatalystin

various electrochemical oxidation and reduction reacfior®%! Depending on the reaction, and
mechanism, different types of catisarface interactions have been proposed to affect reaction
kinetics and thenodynamics, involving for example: i) adsorption/blocking of active $f&§°

i) buffering of the interfacial pH®21€3iii) altering of the local elecit field,'®*iv) accumulation

and shorrange norcovalent interaction¥! 16516 among others. Specifitly, in catalysts for the

oxygen evolution reaction (OER), these effects have a higher degree of complexity, as the
oxidizing OER potentials | ead to severamd chang:
stability, which may also be affected ltlge cation identity. Particularly regarding stability, we

must deconvolute intrinsic cation effects on the OER kinetics from effects on catalyst restructuring,

if we are to ultimately improve the catalyst performance.

Nickel hydroxide(Ni(OH)2), is one oft h e mo st -caacttailfeyeSER®pEeralkaline
conditionsin water splitting applicationsAs described by Bode et &F.Ni(OH). oxidizes to
NiOOH under anodic applied potentials in alkaline electrolytes and depgean the starting state
and applied conditions, the NiOOH can either be imand e r @& adis¢rdenedd) phaseThe
distribution of these phases) far, is believed to be alteredher by redox transformation (e.g.
charge/discharge and overchgrgebyaging®? 8’Most studies to date have focused on how alkali
cations [i*, Na', K*, Rb* and C3) impact the kinetics of Nbased OER catalyst8® 7 For

example, Michael et al. fourtatthe activity increased in the ordefrCs" > K™ > Na" O Li* for

OER on nickel oxyhydroxide (NiOOH) electrod®swhereas Garcia et ateportedan OER
activity trend of C§> Na" > K™ > Li* for NIiOOH and attributedhe impact of the cations ta
stabilization ofthe NiOO intermedate, resulting in &igher OER activity®

Catons not only play a role in the OER kinetics, but are also known to intercalate into the layers

of oxide and oxyhydroxide materials under oxidative potentlaklding to, for examplean
expansion of the c af¥IHpw subhsinteicalation ralters yhe active p a ¢ i
structure of the electrocatalysts is also still not welllerstood? A very recent study by van der

Heijden et al®® also showed thahe addition of small amounts of'lo Fefree NaOH or KOH

electrolytesmproves the OER activity diFeOOH @mpared to singleation electrolytedue to
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the enhanced intercalation of Nand K" ions However, this improvement was concluded only
based on the initial catalytic activity measured by cyclic voltammetry, without considerations on
thecatalyst longterm stability and/or restructuring. They have also suggestethtiatercalation
during the reaction is only partially reversible upon removal of the applied potential, which
highlights a need for a more-depth study into this intercalation process asdonsequences on

the catalyst structurdzurthermore, despite several efforts in both theory and experiments, the
mechanisms responsible for changabh@OER catalytic activity in the presence of different metal
cations seem to bmaterialsystem andtime-dependent and are still under delfatsith no direct

work to date regarding the role of cations on catalyst restructuring anddongstability*°

In this Chapter, lused weldefined Ni(OH) nanoplates to probe the structural changes taking
place in the two most common electrolytes used for the OER, namely sodium hydroxide (NaOH)
and potassium hydroxide (KOHand also when Na is present in KOH as an impufibyough

both eletrochemical andoperandg structural characterization experiments, we show that the
electrocatalyst evolution during a common applied cyclic voltammetry procedure for catalyst
activation is different in the two electrolyteBhe resultsshowthat the preence ofeven trace

amountsofNa'i ons in a KOH elecH4{ndl phasacceherase ®nt

resultingin lowerlong-termOER activity.These effects are rationalizedterms of the propensity
f o #NiIOBH to transformi n t-NiOObl upon intercalation of Kand that the presence of Na
ions, due to their larger hydrated radius, further facilitates this overcharging in mixed electrolytes

by openingthe interlayer structure

5.2 Experimental Methods

5.2.1Synthesis of Ni(OH}» Nanoplates

The Ni(OH) nanoplates were preparexdt described irChapter 4 4.2.2 through a simple
hydrothermal methot! The key difference in this synthesis compared to the previous time i
purity of KOH used: this work employed 99.99% KQOkhereas Chapter 4 used 99.8% KOH.

5.2.2Structural Characterization
Transmission eleadn microscopy (TEM) andcanning transmission electron microsc(pyEM)

were conducted using a 300 kV imagmrected (scanning) transmission electron microscope
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(Themo Fisher Titan). Energy dispersiverXy spectroscopy (EDX) elemental mapping and
spectra of Ni(OH) nanoplates o TEM grid were obtained on a 200 kV ThermoFisher Talos
F200x spectrometeDetails ofoperandoRaman spectroscopy and electrochemical atelinic
force microscopy experiments are provideth@Appendix to Methods

5.2.3 Electrochemical M easurements

Theelectrochemical andlectrochemically active surface area (EC&®&asurements are detailed

in Chapter 44.24). Ni(OH)2 nanoplates were &mled onto carbon paper and then used as working
electrodes. The electrodes were prepared as follows. 5 mg of the nanoplaédspersed in 10

mL IPA solution. The mixture was sonicated for half an hour to yield a homogeneous ink. Then,
20 eL of t \Wweeecacehulty dropgesl ontoithe darbon paper with an exposed geometrical
area of 0.25 cA Cyclic volammetry curves wemeasured ascan rate of 20 mV'sto evaluate

the catalytic OER performance.
5.2 .4 Electrolyte Purification

The electrolyte purification process was identified to that describédapter 33.2.2 was used
following themethodoutlinedby Trotochad et al?° We used 99.98%KOH and 99.99% NaOH as
electrolytesKOH: 100 mM KOH; NaKggOH: 1 mM NaOH + 99 mM KOH; NgKgsOH: 5 mM
NaOH + 95 mM KOH; NaKgoOH: 10 mM NaOH + 90 mM KOH; NaOH: 100 mM NaOH
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5.3 Results andDiscussion

5.3.1Electrolyte Effect on the Ni(OH)/NIOOH PhaseTransition

Figure 5.lillustrates the dataoflected from various electron microscopy techniques, including
scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM),
transmission electron microscopy (TEM), and electron diffraction, for the N @&hoplates
synthesizedn this study. The nanoplates exhibit a hexagonal morphology, with lateral dimensions
ranging from 80 to 180 nm and a measured thickness of approximately 30 +Fsgnne.5.1c

show the higher magnification image of a nanoplate thatlé0+m size andrigure5.1eshows

nanoplates that are standing on their sidibs.electron diffraction patterns depictedrigure 5.1g

reveal that the nanoplates possess a sitrgialline structure, characterized by an interplanar

spacing of 0.27 nm. This spacingcopesnds t o t he (100) -Ni(@H)8%% al | ogr
Furt her c onf-phaseafthese nanoplétes is previdéd by Raman spectroscopy data,

which show an €H stretching vibration &8580 cmt,1"%as illustrated irFigure 5.2

Figure 5.1 Ex situSEM (a, b), STEM (c, d), TEM (e, §nd diffraction pattern (g) of gwepared Ni(OH)

nanoplates.
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