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Summary

1 Summary

Together with energy harvesting and distributiarergy storage technologies agsentiato
broadly establish renewable energy sources in a power @nemicalenergystorage, e.g.,
through hydrogefrequires two conversion steps. Step ceembles the storage electrical
energy in chemical bondglectrolyzer), and step twaeverseshis procesgfuel cells) This
work will introducethe technologyof green hydrogen generation via water electislygsd
illustrate why efficient andustainable catalyst systems based ontowic, abundantand cost
effective materials aneequired.

For this purposethe investigations focus on 2D layered materiatsich have proven to be a
versatile material clasgo facilitate the oxidative half-reaction of electrochemical water
splitting, which is the oxygen evolution reaction (OER). This work will focus on the structure
property relationship in such materials whalsopaying attention tohe ecological aspectsf

the technologyThe aim is tdailor catalytical systems, furthenproving their capabilities and
scalability.

In the scope of this workheinfluence of compositionspecifically ironcontent in layered
double hydroxidess investigatedconcerningthe triggering of graftingThat is the chemical
bonding of interlayer anions to brucilike layers. Due to the high importance of bimetallic
iron-containing layered double hydroxides, itcisucial to understand which implicatioits
incorporation bears for the structure anlimately, the catalytic performanc&he systematic
variation of Co/Fe compositionwithin the layersshowed that the presence of iron favors
grafting, thereby inducing structural disorder in the form ofdcan interstratification and
planar defectsAt the same timehaving a minimum amount of Co in the structure is essential

to ensure high catalytic activity.

From the perspective of the structymmperties relationshiphé questiomemainsopen as to
whatkind of effect the extent of grafting hdsor this purpose]ifferent brucitetype materials

are comparedlhree classearechoserthatfeature inherently different interlayer constitutions,
while the layers have similar composit®hese include mdtaydroxides M(OH) without
interlayer anions, layered double hydroxides with free interlayer anions, and hydroxynitrates
with fully grafted interlayer anionsThis work shows thaan interlayer anion's chemical
bonding can alter the metal centers' elattrestructure Thisis decisive fortheir oxidation

potential i.e., the potential at which the electrocatalytically active center forms.

In the last part of this work, the previously gained knowledge is combingchtevecontrol

of grafting within the same material. The @lbn electrocatalyst @ssbaueritas known to
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Summary

exhibit extensive grafting of interlayer anioBy employing acorroson engineering approach,
it is possible to obtain its precursgreen rusbn a steel plate as a large area electrode and
control the ratio of grafted to ungrafted interlayer aniongtuyice of the oxidation method.
This control of grafting in the sameaterial allove for the first systematic study on the

influence of grafting in mossbauerite.

This thesis is presented as a cumulative work; therefore, the results are described thematically

in the attached manuscripts.
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2 Zusammenfassung

Zusammen mit der Energiegewinnung uncerteilung sind Energiespeichertechnologien
unerlasslich, um erneuerbare Energiequellen in einem Stromnetz auf breiter Basis zu etablieren.
Die chemische Energiepeicherung, z. B. durch Wasserstoff, erfordert zwei
Umwandlungsschritte. Schritt eins ist die Speicherung elektrischer Energie in chemischen
Bindungen(Elektrolyseir) und Schritt zwei ist die Umkehrung dieses Proze&3ssnnstoff

Zellen). In dieser Arbeit wird die Technologie der grinen Wasserstofferzeuguradh d
Wasserelektrolyse vorgestellt und erlautert, warum effiziente und nachhaltige
Katalysatorsysteme auf der Grundlage ungiftigespig vorhandeneund kostengunstiger
Materialien erforderlich sind.

Zu diesem Zweck konzentrieren sich die Untersuchungé@@Schichtmaterialien, die sich

als vielseitige Materialklasse erwiesen haben, um die oxidative Halbreaktion der
elektrochemischen Wasserspaltung, die Sauerstoffentwicklungsreaktion (OER), zu erleichtern.
Diese Arbeit wird sich auf die StruktifigensclaftsBeziehung in solchen Materialien
konzentrieren, wobei auch 6kologische Aspekte der Technologie berticksichtigt werden. Ziel
ist es, die katalytischen Systeme weiter zu optimieren, unkigemschafteau verbessern und

die Mdglichkeit der Skalierbarkezu erfillen.

Im Rahmen dieser Arbeit wird der Einfluss der Zusammensetzung, speziell des Eisengehaltes
in geschichteten Doppelhydroxiden, auf die Auslosung des Graftings untersucht. Das ist die
chemische Bindung von ZwischenschichtanionerBaurcit-artige Schichten. Aufgrund der
groBen Bedeutungbimetallischer eisenhaltiger Schichtdoppelhydroxide ist es von
entscheidender Bedeutung zu verstehen, welche Auswirkungen ihr Einbau auf die Struktur und
letztlich auf die Kkatalytische Leistung hat. eDisystematische Variation der CofFe
Zusammensetzung innerhalb der Schichten zeigt, dass die Anwesenheit von Eisen das Grafting
beglnstigt und dadurch strukturelle Unordnung in Form von zufalliger Zwischenschichtung
und planaren Defekten hervorruft. Gleieltig ist ein Mindestanteil an Co in der Struktur fur

eine hohe katalytische Aktivitat unerlasslich.

Offen bleibt die Frage, wie sich das Ausmal} des Graftings auf die StrHlganschafts
Beziehung auswirkt. Zu diesem Zweck werden verschiedene Mater@ggerBrucitTyps
verglichen. Es wrden drei Klassen ausgewéhlt, die von Natur aus unterschiedliche
Zwischenschichtaufbauten aufweisen, wahrend die Schichten dhnliche Zusammensetzungen
haben. Dazu gehdren Metallhydroxide M(Qthne Zwischenschichtanionegeschichtete

Doppelhydroxide mit freien Zwischenschichtanionen und Hydroxynitrate mit vollstandig
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gegraftetenZwischenschichtanionen. Diese Arbeit zeigt, dass die chemische Bindung eines
Zwischenschichtanions die elektronische Struktur der Metallzentrémadern kann. Dies ist
entscheidend fur ihr Oxidationspotential, d.h. das Potential, bei dem sich das elektrokatalytisch
aktive Zentrum bildet.

Im letzten Teil dieser Arbeit werden die zuvor gewonnenen Erkenntnisse kombinierie um d
Steuerung des Graftisgm Material der glechen Klassezu erforschen. Der vollstéandig fau
Eisenbasierendé&lektrokatalysator Mossbauerit ist daftir bekannt, dass er ein umfangreiche
Grafting von Zwischenschichtanionen aufweist. Mit Hilfe eines korrosionstechnischen
Ansatzes st es mdoglich, sein®orstufe Green Rust auf einer Stahlplatte als grol3flachige
Elektrode zu erhalten und das Verhéltnis vogrgietenzu freien Zwischenschichtanionen
durch die Wahl der Oxidationsmethode zu steuBie. Steuerung des Graftings in eindun
demsdben Material erméglicht diese erste systematische Studie Gber den Einfluss von Grafting

in MoOssbauerit.

Bei dieser Arbeit handelt es sich um eine kumulative Dissertatidie Ergebnisseverden
daherthematisch sortiert in den angehangten Manusmipeschrieben.
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3 Introduction

This sectiongivesa brief overview to outline the importance of energy storage technologies.
Furthermorejt summarizegphysicochemical kewspects of electrochemical water splitfing
focusing on the OER typical catalyst materialspossibilities forinnovation and current
developmentsThelast section gives insights into three key research questions which form the
foundation of this thesis

3.1 Theway toward renewableenergies

Resolving energy and envirommtal issues has been perceived as the most critical challenge
of the 2% century!! Sincethe ealy 2000s it has becme evident that rising CQevels,
increasing severity and frequency of natural disasterd environmental pollution crease
formidable incentive on the topfd.Due to the limited number of countries with rich fossil fuel
reservesits broad usagéurtherposes the risk aiconomicdependencynd becoming a target
of ge@olitical interest$®! This circumstance hdgd to an impressive manifestation of this
dependency anttiggereda political rethinking. Almost a third ofadvanced economies rely
heavily on just three trade partners for smdhan 70% of their fuel imports, which is a
significant portion of their econont§l. With a renewable energy ratio 49.6% in the power
mix (Fig. 1), theEnergy Transition IndexgTI) only ranked Germanyasnumberl5 out of 31
advanced economieggardingtheir energy performancd his ratingincludesthe resilience

and efficiency of generatigtransmission, and progress to cleaner forms of ef@rgy

Solar
grid feed-in/
self-consumption

J_é Biomass

‘ Hydropower

. . B
Fossil gas/oil ==

Nuclear

Hard Coal i

Wind

Lignite =
on-/offshore

Figure 1: Net public electricity generation in Germany in the year220he energy mix of Germany
is still heavily reliant on fossil fuels, with the share of renewables representing leS&%harhe source
datais from Fraunhofer ISE®!
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Recent investments in green energy technologies aneh@@ral means of transportation have
also led to the European Unisrdecision to ban all new internadmbustion engines from
20351 However, this reliance on fossil fuels ranges further than only the transport sector.
Private household energy supply and the chemical, ,glaslssteelndustiesrely heavily on
cheap power andhemicals fromthe petrol industry (e.g.hydrogen)® The critical aspect
required tacontain or even eliminate arising problems rendérarsitionto renewable energy

sourcesaanimperativefor the years to come

While someforms of renewable energy sourdgsg., hydropower, geothermabr biomass
plantg canrun with sufficient steadiness to act as a blasal supplier in the electrical grid
most sources canndBaseload supplyimplies that theyoperate 24/7 to meet the minimum
power demand These technologiesre not designed to respond to peak demands or
emergenies. Regardingconventionaknergy sourcesoal or nuclear powgrlants handle this
taskinstead Intermediate and peaig power planthandleeverything beyond this minimum

power demandyhich can be adjusted to the demand more easily when n€eded.

However, 1is apparent thatadar and wind energyvhich aretypical examples ofntermittent
renewable energiesamot fulfill eitherof these tasks in an electrical ghy themselvesDue
to their outputdependence on weather conditionsl @aily and seasonal variations, they can

neither supply ateady base load nogspond quickly taneetpeak power demandfs.

Due to the intermittentcharacterof renewable energiegoupling with suitable storage
techniquess vital to ensure a continuous, secure, and deroaietited energy supphyhile
minimizing curtailment® Thus,establishingenewable energsources in the grii inevitaby
connected tdhe necessityof efficient energystorageto mitigate the cyclidout often offset
nature of supply and demand. Therefore, excess supply caarbestd during apower
generation surplus and utilized an intermediateor peak suppliewhen requiredSufficient
storage infrastructure in the drcan also provide a steady base ltadugh this coupling of
energy harvesting and energy storBbieally, storage technologies are establisbegond

the primary grid to meet stationary, mobile, and portable demands.

The establishment of applicatiariented storage technologies entails optimizatiowastly
varying requirementsr hesdlifferent application areaguickly allow the conclusion that there

is no single storage technology for all applicatidnstead,all of them have theirespective
advantags and disadvantages. Requirements like conversion efficiency, scalability,

storage/release time, transportability, acquisition and operational cost, safety, environmental
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friendliness, infrastructure requirementand many more must be considered. These
technologies can be categorized into five main figilg. 2): Electrical (e.g., electrical double
layer capacitors EDLCs),mechanical energy (e.g., pumped hydro storage PHS)
electrochemical (e.g., batterieghermal (e.g., heat storagednd chemical storage(e.g.,

hydrogen fuetells).

[BULIdY I,

Figure 2: Overview of different categories of storage technologies. Every mégeatvantages and
disadvantages related to efficiency, cegtplicability,and othersAdapted fromFort Frances Power
Corporation*®!
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3.2 Hydrogen

Hydrogenbased storage technologglongs to the group of chemical storagkere the energy

is stored in the form of chemical bondisydrogen itself cannot readily be considered a clean
energy source with a G@eutral footprint! In fact, various typesoften termed colorsare
differentiated. Hydrogen obtained by fossil fuel§e.g, natural gas) is considere@Grey
Hydrogenif the CQ generated during the production is releaséd time atmosphere. If it is
supported byarbon capture and storagieis termedBlue HydrogenBoth cannobe regarded

as sustainable energy storage.

Only hydrogenwhere the educts originate from sustainable sources, with the conversion energy
being supplied by renewable energies and no greenhouse gasdal&agihe production can

be termedGreen Hydrogeh?'% The requirednfrastructurecomprisestwo compkementary
processesThe first partincludes convertingeledrical energy into chemical energying
electrolysig*¥! In the second step, this fuel can therused directly as a reagenttischemical
industry or to convert chemical energy back into electrical energy, to support power
demand in the grid or run an electric moti a fuel cell***! While various fuel cell types
exist,with their particular application area, advantages, and disadvantagst of them share

the utilization of hydrogen as their primary flfél.

Due to the focus of this thesis on teneration ofsreenHydrogenvia water electrolysishis
part of the introduction aims to give an insight itb@ underlying challenges, setupsd
benchmarkdo researctwater electrolgis It will focus on how to make the watsplitting
reaction moreenergyefficient, minimize losses during conversion, and make it more scalable
and sustainabld:urtherchallenges arising from the transponigdium and longterm storage

and the utilizatiorof apracticalfuel cellwill not be addresseith the scope of this thesis.
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3.2.1 Thermodynamics ofelectrochemicalwater splittin g

Thermodynamics tells us thaplitting water in its constituentsoxygen and hydrogen is an
endergonic i(e., nonspontaneous) process. However, the reaction ppaseedwhen an
appropriate driving force, e.ghermal energy oelectricity, is providedUsing the latter for
the endergonic transformation is called electrolysiad a setup typically consists of two
electrodeseparated by an ionic conductor, thecaled electrolyteElectrical workto the cell

is provided via these electrodeslowing gaseous hydrogen and oxygeroductiom. The
individual haltcell reactions and their corresponding mechanidepend on th@H of the
electrolytel!®!

In acidic media, water splittqnoccurs according to the following reactotf "]

Anode: HO(l) | Y% Ox(g) + 2 H + 2e E’=+1.23V (Eq.19)
Cathode: 2H" +26e] H(g) Ec”=+0.00V (Eq.1b)
Full: H20() | Ha(g) + ¥ OQ(q) (Eq. 10)

While in alkaline conditions, it proceeds accordingt3”]

Anode: 20H| % QOg) + HO + 2e Es”=+0.40V (Eq.23)
Cathode: 2 HO +2e| Hi(g) + 2 OH E=-0.83V (Eq.2b)
Full: H2O(I) I Hx(g) + Y2 Q(g) (Eq.20)

The anodiaeaction(oxidation)is termed oxygen evolution reaction (OER)e to the release
of oxygen gas from therand the cathodiceaction(reduction) is calledhydrogen evolution
reaction (HER)Yue to the release of hydrogen dasacidic and alkaline media, Hons and
OH ions are responsibléor providing charge comensation by migrating through the
electrolyte during cell operatioithe overall standard cell potential in both maesults from

the difference between tlivadividual reactionpotentialg*él
E° = EL- EC= 1.23V (Eq.3)

From a thermodynamic viewpoint, the amount of electriaityH) requiredat equilibriumto
facilitate the reaction to splitrhol of watercanalsobe expressed by the change in Gibbs Free
E n e r @y of thegalissociation reactidtf!

qiG: = -nFE (Eq.4)

With n = 2 as the number of electrons being transferred during the electrochemical réaction,
being the Faraday constardnd E being the potential associated with reactionis the

corresponding medi@eqg. 1c, 20).
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For the givenpotentials, a standard pressyp® =101.325kPa) and standard temperature
(T°=298.15K) areassumed where waterliguid and thereaction produstare gaseoud.hus,
using literature valué€$! for the Gibbs Free Energy, the themynamically required voltage
to facilitate theelectrochemicalvatersplitting reactiorresults in the same as determined above
from the indvidual haltcell reactiong!® 8l

qG°(H20) = 237.2&JImol| E°=qGo(H:0) /(2F)=1.2293v & M (Eq.5)

According to this solely thermodynamic point of view, the required potential waepend
only on temperature, pressure, reactant concentration, and pootheeintrationin practice
this equilibrium cannot be reached once a current flow is involvedthe electrochemical
reaction proceeds at an appreciable.rate higher the current, the greater the potentiast

be to maintain the flow of electronSonsequently, this also bears kinetic implications which
arise fromtransfer reactionsglectronic and ionic conductivity limitationand finite mass
transporf!* 1"'Suchphenomena give rise to-salledoverpotentialswhich areconsideredhe
irreversible part of the electrochemical reactibhey are defined as the offset of the potential
of the electrodeéE from the reversible valu&® and cannot be regenerate@hus, they are
hamperingthe overall conversion efficienc{®'”) Consequentlythese overpotentials ar
regarded as arucial evaluation criterion andesign factoiin evaluatingthe performance of

new materialswhich will be furtherdiscussed ithapter3.3.

-10-
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3.2.2 Oxygen evolution reaction

Practically, the overall potential required to drive the electrochemical splitting of water includes
irreversible kinetic contributions from both the anodic aathadic reactios The HER is a
two-electron transfer reaction and typically features low overpoteffidsvariety ofdifferent
catalyst systems are reported, resulting in overpotengdmaas27 mV for Pt on carborf”!
Compared to the HER, the OER is subject to sluggish kinetics and thus exhibits an intrinsically
lower efficiency??!! This comparably complex reaction systanriginates from a coupled,
multi-electron processesultingin a higher kinetic barriessthe transfer of four electrons per

Oz is necessary to facilitate oxidatiéfy 1"’ Since only a single electron can be transferred with
each step andarious electrode surface reacti@ms involved, the process isréed toproceed

in multiple steps with distinct intermediat&&arious intermediary products are passed through
depending on the employed catalyst and méai&’

Various research groups have proposed many possible mechanisms for bofi! £Eidic3)
and alkalin&* (Fig. 4) media, and the topicremains frequently discusk&® There exists
consensus about the presence of MOH and MO intermediatefiere are discrepancies
regardingthe exactmechanisms, particularly relatedwten and from which intermediatiee
oxygen is releasdd’! Two pathways arevidely acceptedThe first supposed pathway includes
the formation ofoxygendue to a direct reactionf two MO intermediatesAlternatively, a

MOOH intermediate can form, ultimately decompodingelease @4 7]

(V]

H* +0,+¢ H,0
Acidic conditions: /' 'v Hite
M+ HO()] MOH+H +e

[M-OH]

MOH| MO +H +¢€ [M-O0H|

140,

[ \1-01/

H +c

MO | M + % 0x(g)

MO + H0(I)| MOOH + H + € K
H* + e
MOOH| M+ Oxg) +H +e

H,0

Figure 3: OER mechanism under acidic conditictisAdapted from Cai et &
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[M]
Alkaline conditions: HO0+0;+e
M+OH | MOH . . \

[VM-00H]

[M-OH]

MOH + OH | MO + HO(l) + &
MO| M +%0x(g)

MO +OH | MOOH + & K - O]/ .
MOOH + OH | ol HO e

M+ O2(g) + HO(l) + €

Figure 4. OER mechanism under alkaline conditiéfisAdapted from Cai et &t”

While the most common application of OER is in heterogeneous catalysis, examples of
homogeneous catalysis or even biocatalytic reactisa exis?®! This circumstanceenders
adsorption interactions between catadystd educts, bonding within the possible intermediates
(MO, MOOH, MOH), and desorption behavior of the productstrthe catalyst crucial factors

for the overall performand& 16171
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3.2.3 Measurement setup

The primary measuremesetupto obtain crucial performance parameters is described in this
section. The parameters themselves will be described in more detail in the following chapter.

Information about the catalyst system can be obtained by measuring the current passyhg thro
the electrode as a function of the applied potentiafthe cell. The typical testing cell consists
of three electrodes, thus being called the tieleetrode setup. A current is passed through the
working electrode (WE) and counter electrode (CEhar@es in thewvorking electrods
potentialare measuredgainst a reference electrode (RE) in a secondary cit@iter carries
practically no current and thus provides a steady reference potential irrespective of the current
load on the WE and CE. Theenstanteferencepotential is essential as the potential of the CE
may change substantialllpue to possible alterations in CE potential, a-slectrode setup is
considered unsuitable to perform such ‘zali testing with sufficiently high data religiby. A
typical choice for such RE is the reversible hydrogen electrode (RHE) Ag pAgCI | KCI
electrode?”

Uncontrollable or severely limited magansport can compromisecuracyand lead to non
reproducible results. Thereforthe previously described system is usually combined with a
rotating disc electrode (RDE) as the WHg. 5). Through rotating the electrode in solution,
rather than agitatonthe solution by stirring or gas bubbling, efficient transport of educts to the
electrode and detachment of products from the electrode can be actie¥Etihe RDEis
composedf a cylindrical metal rothatis embedded in an insulating cylindrical plastic holder.
The outer holder usually consists of Teflon or polyether ether ketone (PEEK) due to their high
chemical inertness and insulating properties. The bottahotthe electrode is attached to the
respective electrode material, exposed to the solution, and polished flush with the surrounding
holder. The typical electrode material for electrocatalytic investigations for the OER is glassy
carbon (GC).

Therefore, he RDEsetup with aGC electrodefulfills multiple important characteristics for
benchmarkingOER catalysts.The most important feature is the provision of acalted
uniformly accessible surface. It implies that the rate of mass transport to the gitfaiderm
despite the different rotational velocities depending on the distance from tbeafantation.
Another fundamentalproperty is that the flow of the solution to the surface has a laminar
character up to high rotation rates, thereby undediriime possibilityof obtaininghighly
reproducible results from RDE measuremditis.electrode area typically must be minimal to
reach such high stabilitgy’-28!

-13-
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Working electrode (WE)

Reference electrode Counter electrode
(RE) (CE)

Glassy carbon disk

Bottom view

Figure 5: Typical threeelectrode RDE setup for OER measurements. It consists of a working electrode
(WE), acounter electrode (CE), aadeference electrode (RE). Charge flow proceeds between the WE
and CE while the potential difference is measured between tlitea™d RE. The WE is rotated to
facilitate more effective mass transpdtthas a glassy carbon bottom to apply the catalyst material.

The use ofcC as the electrode materialwidespreadecause it is highl{electrorhemically
resistant at botbxidizing and reducing potentials. It featureloa electricresistancandlow
intrinsic activity in the facilitation of the OERhusrendeimg it an ideal material for the

application as a current collector in benchmarkdER catalystemployingan RDE.[6:27]

In a3-electrode setup without an RDE, other cunesltectors can also be employed, e.g.,
carbon cloti?! carbon papef® nickel foam,! iron foam!®?! Cu foam®® indium tin oxide
(ITO),B4 andgold.®® Care has to be taken as th®ice of substrate can significantly influence
the observed actityi of the respective catalyst§! Some careven make a notable contribution
to the measured currerdgher through syergistic effects oridsolution angthus unintertional

doping®”]

A typical catalyst benchmark measurement includes the (repeated) linear variation of the
potential to probe the onset of the electrochemical reactiad M KOH solution If a sngle
potential sweep is performed, the method is called linear sweep voltammetry (LSV), while
multiple, continuousweeps are termed cyclic voltammetry (CV). Other standard measurement
techniques include the application of a constant current (chronojpotetrty, CP) or a constant
potential (chronoamperometry, CA) to assess any changes in current or potential during

prolonged operation.
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3.3 Critical factors in catalyst development and design

Electrocatalyst facilitate electrochemical reactisnsuch as the previously described
electrochemical watesplitting. In this procesgheycan eithemid the reaction at the surface of
an electrode or act as an electrode itself. The mechanism of action o@amnibeld such as
promotingthe reactant adsatipn, assistinghe electron transfer between the electrode and the

reactantand allowng efficient desorption of reaction produéts.

Benchmarkingorresponding catalyst materials includes kinetic performance parameters, such
as the overpotentiad), Tafel slope,or behavior under longerm operationwhich will be
coveredin this sectiorf®® To assess the overall versatilignd scalability, economicand
ecological aspects shoutsobe considereds welldue to the difficulty of transferrincatalyst
testing performed on the Igbaleto standards demanded ibgustrialelectrolysisapplications.

Overpotential

The overpotentiald) is one ofthe most widely used indica®to evaluate an electrocatalyst's
performancé®® |deally, for an electrochemical reactiohe required potential to facilitate the
reaction shoulequalthe potential of the reaction at equilibriuMeverthelessthis idealized
view breaks down once additional resistances of the wanukinetic hindrances due to muilti
electron transfer getions, bubble overpotentialg,, impeded desorption of products from the
electrode/catalyst surface), and ionic transfer resistameesnsidered. In practice, the applied
potential is much higher than the equilibrium potentigl = 1.23V), primariy due tothe

kinetic barriers of theeaction™*

The overpotential quantifies the collective contribution of sulthdefines the difference in
potential between the hatklls thermodynamically determined potentiBP and the

experimental obseation of the redox eveii (Eq. 6).141

d=E-F (Eq.6)
Thus, itquantifiesat which relative potentialgpecificelectrocatalyti@activity can be observed
for a target reaction. Thefinition raisesthe necessity tetatehow great this activity should
be relative to the catalyst mass or the area covered by the catalyst. Therefarea an
normalizedcurrent(i.e., currentdensity is typically used to quantify the rate of the reaction

The overpotential is then reported atadue of 10mA cm,

In practice, both the OER and the HER feature an overpotegtaid d., respectively For
previously discussed reasofthapter3.2.2), the contribution of the HER is often negligible

compared to the one of the OER. Tactical, completeverpotential of an electragr
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resembles thgint contribution of bothda anddc (Fig. 6), while for investigative purposes, the
two contributions can be investigated separately in the discusseelbce®de setup

Current density j Losses Stored Energy Losses

HOR j
U

Potential U/

\
1

Figure 6: Depiction of the anodic and cathodic processes duriaglibctrochemical water splitting.
The hydrogen evolution reaction (HER), ) runs at the anode, whiklhe oxygen evolution reaction
(OER,0 ) is facilitatedat the cathodeThe corresponding reverse processes are the hydrogen oxidation
reaction (HOR;---) and the oxygen reduction reaction (ORR;). The potentiak is greater than the
electrochemical standard potenttl andis required to drive the reactiohis higher potential is
necessary due tihe overpotentials of the HERJ{) and OER ). These are recorded at an electrode
current of 10mA cm? and represent an irreversible loss.

Tafel slope

For practical applicationperating theelectrolyzer at high current densities is necessary
Faraday's law of electrolysis describes thatmolar quantityof reaction productss directly
proportionalto the amount of total electric charge passed through the electrode during the
reaction Eledric currentresembles theumberof charges passing in a specific tintigerefore,
it should be higho facilitate a fast turnovét® Sincehigher currents are subject goeater
overpotentiad, it is desirable to have catalystsat only feature a shallowncrease in
overpotential when increag the current densitythis property is described by tiButler-
Volmer equationwhich can be simplified into the moedementaryorm of theTafel equation
(Eq. 7)_[17-18]

I ige X pu;—f“ (Eq.7)
The parameters and io representthe current and the exchange current, respectively. The
parametetexpressethe anodic transfer coefficierndn isthe number of transferred charges.
The temperature is designated ByR is the universabas constat, and F is the Faraday
constant Logarithmic translation of the Tafel equation yieldssimple form in which

voltammetry data can be plottefic 8).["1]
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-3l o4 'thb—m—z':ROFB Eq.8
d=w o% Wi =5 oig_ F (Eq.8)

The Tafel slopé indicates how fast theverpotential increases with the currerit is typically
given in mV/dec expressing the builg of overpotential when the current is stepped uprigy
decadeConsequently, a smaller Tafel slogpresentbetter electrocatalytic properties due to

fewerirreversible losses
Long-term stability analysis

Besides thenitial activity of an electrocatalysthe versatility of a catalyst materialso
expresses itself by ifgerformance under permanent lodd assess this propertyjs required

to perform longterm stability measurementiBhis investigation can be performed in eittveo
modes while applying a constant current (chronopotensgtny), where the change in potential

is observed, ounder aconstantpotential(chronoamperometjy where the alteration of the
current is measured@he decisive differenceompared tdinear sweep voltammetry.£V) and

cyclic voltammetry (CVanalysis ighat the material is subjected to@stant current/potential
over a prolonged time ranging from hours or sometimes even?d3dykhis aidsin assessing

the presence andeverity of aging under operation and is one key parameter to rate the

versatility of catalysts for indstrial use.
Postmortem analysis

A secondary sphere to derive information about the employed catalysts inadirestural
assessmendfter the catalytic experiment®ostmortem analysis is a versatile step in the
development procesthat comprises seval techniques. Firstly, the catalyst itselin be
investigated for structural chand&d These can be induced by intimsestructuring to a more
stable phasaunder the given condition8? through the incorporation of ions from the
electrolysis solutioff or through a loss of material during operatf3hThese alterations often
lead to a change in morphology and potentially a loss of activé*8itdewever, in other casgs
an initial restructuring can also lead to timesitu formation of a more stable and active
catalyst!*’ Thus,a detailed analysiss necessary to identify the activeatalystphase These
investigations ar¢ypically performed using bulk tediques (e.g.powderX-ray diffraction;
PXRD), surface techniques (g.¢k-ray photoelectron spectroscopy; XP&hd methods to
determine changes in morphology (g.gcanning electron microscopy; SEM), or by
determining material losgo the electrolyte(inductively coupled plasma atomic emission
spectroscopy; ICRES)[21P: 48]
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Economicand ecologicaspects

Like many labscale experiments, they are not routinely scalabledormercialzation. As the
eventual goal for catalyst developmentais industrial application, research muatso be

designed to meet these demands and requirements.

Experiments are almost exclusively performed on the previously introduced RDE
(chapter3.2.3. It aids in alleviating several limitations during the measurement but does not
resemble a scalable setufat low current densities likelOmA cm?, effects of catalyst
degradation, educt transport limitations, and gas evolution are kept to a min8tilirthis
current density is relatively low considering that commercial alkaieetrolyzes typically
operate at 10@00mA cm? and sometimes eweup to 2A cmi2° Although theturnover
increases when choosing higher emtrdensities, efficiencies drop. The operating conditions
of the electrolyte significantly differ from the lab scale. While sraa#lle experiments employ

a 1M KOH solution, commerciaklectrolyzes utilize a 6.5M-7.8M (25-30wt-%) KOH
solution attemperatures typically between 5°C and 100°C and pressures ranging from 25
40 bar#°d

The development of catalysystemscannot merelyfocus on performanceut shouldalso
consider other industrselevant requirementd he electrodes should be producible on a large
scale with high uniformity, ainaffordable costand eventuay, allow for longterm operation

to avoid the frequent exchange of the electr®@eticularly the anodic side exposes the catalyst
to a highlycorrosiveenvironmentwhich often compromises the stability leading to irreversible
phase changes or dissolutjahus hampering the catalytic activit§. °° Therefore it is
desirable to resort to neoxic, abundant, andecyclable materialthatcaneitherbe reused or
wherecatalytic capabilities can be restor@atalysts featuring a complex preparation eart

catalystgelying on expensive educts aresuitable for commercial applicatiof$.>"
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3.4 Materials for OER

To mitigate the high overpotentials of the OER and thus inerdes efficiency when
considering th energetic perspective of employing the technology as an energy storage
technology, variousatalyst materieclassesave beemxtensively investigatetudies focus

on how to improve electrode kinetics and stabilitglifferent environment88: 54

One clasexhibiting excellent OER activity iacidic and alkaline mediare so-called noble
metatbased catalysts (NMBCs). For instance, rtiffige RuQ and IrQG exhibit high activity
in the OER catalysis but suffer from intringlcawbacks that hampéhneir applicability Both
are highly unstable undeelevated anodic potentials due to thextremely oxidizing
environment. Ru® undergoes oxidation to RuOwhich ultimately dissolves into the
electrolytesolution*”! This loss of catalyst inevitaplresultsin aloss of activity. Although
more stableat high andic potentials in botfacidic and alkalinelectrolytes the use of Ir@
entailsa similarissue where¢he catalyst undergoes oxidation to jté&fore also being subject
to dissolution.They are also composed of noble metals, makiapy materialsmpracticaland
undesirabldor largescale applicatiosin industrial processes’]

To deal with tlese intrinsic drawbacks of the presented NMBCs, the search for,J@tleost
transition metabased catalysts baaised increasing attention to be usadder alkaline
conditions.They have proven to exhibit both satisfactory intrinsic actiuity stablity for the
OERP? As this thesis covers the alkaline OER, only the relevant materials for this medium
will be discusseth the scope of tkichapterPopular investigated electrocatalysts include Co
Ni-, Fe and Mncontainingmaterialsdemonstrating the possibilitf replacingNMBCs. These
include Ruddlespopper oxide$? rock salt oxide®* rutiles® high-entropy alloys>®!
perovskited>! metal oxide$® spinels? layered double hydroxidesLDHs),® and
hydroxided®™) Most notably, LDHs have shown outstanding OER performances,

straightforward synthesis routesd a wide range of further improvemefits

Due to th& uniquestructural and compositional featuregdoilitate the OERthis chapter will
introduce brucitdike layered materials in more detdilere a particular focusvill lay onLDHs
and hydroxynitrate salt® cover various aspects regarding their compositional possibilities,

structural constitutiorand electrocatalytic capabilities
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3.4.1 Layered Double Hydroxides (LDHSs)

3.4.1.1 Structure

In general, the compositions of LDHs can be desdriliyy the generic formula
M2t M3 (OH)2(A™M)xn Az HO. The crystal structure is composed of edparingoctahedral
sheetswith divalent(M?*; e.g, Ca*, Ni?*, Mn?*, C&?*, F&*) and trivalent metal cations @V
e.g, AlI**, C/, Mn*, Fé*, Ga*, Co*, Ni**) with similar ionic radii and hydroxide ligands
extending imo the interlayer spadé® 52 63IStructurally, they resemble bruciike (Mg(OH).)
layers,whereas the isomorphic substitution of'Mith M** generates a@xcess chargénions

in the interlayer spacecompensatdor this additional charg¢A™; e.g, NOs, SQi*, COs%,
ClI).12%a. 632, 63birhe ratio(x = 0.17-0.33)of M2*/M3* can be varied within certain boundari¥s,
but a ratio of 2:1x = 0.33)is generally assumed to be the most favorable compoXSitidine
individual layers are held together by electrostatic interactions and hydrogen bonds between
the brucitelike layers and thdnterlayer anionsforming the threalimensional structure

(Fig. 7)..6¢!
(b)

kO8O,
A
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100

L OO
/N 7\

O

< N T

Figure 7: (a) Schematic visuaation of the layered structure @& bimetallic carbonate LDldf the

fougérite grouplnterlayer anions and water separate the laybrs) The layers are composefdVi®*

(green) and N (yellow) being octahedrally coordinated by hydroxiigands The figure is hsed on
the reported crystal structure of Dionigi etfak a NiFeCOsz LDH.!®"]

Various synthetic methodsave been applieth obtain LDHs with the most widely known
being coprecipitation. Conditions can vagignificantly from precipitation at low or high
supersaturation, with separate nucleation and aging, stepsa an ureahydrolysisroute!®®!

The ionexchange meth&d is chosenwhen the primary metabns react with thelesired
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interlayer anion or when they are unstablamalkaline solutionOther methods include the
rehydration of mixednetal oxides, hydrothermal synthesis, electrodeposition, -l

approaches, or more spedali strategie8?!

However, nost LDHs carbe obtained by relying on a oseep precipitation synthesis where
the divalent metailon might undergo further oxidatioby atmospheric or dissolved oxygen
when susceptibleto oxidationl®*°! While versatile for some LDHs, this oxidation can be a
considerabl@bstaclevhen, for instance, obtainiqmire ironLDHs without any side phas&§!
This issue will be furthediscussedn section3.4.1.3

3.4.1.2 Application in OER catalysis

The first metal hydroxide identified to exhibit catalytic capabilities with respect tQHR

w a sNi(OH)..["Y Further investigations revealed that doping with otheablétmetal cations
further improves the electrocataly@ERactivity 4 72 Since then, also transition metased
LDHsI®! (e.g, containing Mn, Fe, Coand Ni) and their topotactic derivatiVés (e.qg,
oxyhydroxideshave beeffurther investigatedT heir excellent OER capabilities originate from
their highly controllable structu¥@, intensive hosguest interaction®!, and higty dispersed
single-atomic sites??" 7"I The performance of such bimetallic, transition mét@sded LDH as

OER catalys can be evaluated by comparing their respective overpotential and Tafel slope

(Fig. 8).170 781
90
NiCu-LDH
®
80 -
70 -
P IrO,
= FeFe-LDH
% 60 1 CoFe-LDH ®
= NiV-LDH
£ 50 - PY S
e NiFe-LDH o o ©®
S 40 ® o CoCo-LDH
30 - CoMn-LDH\
NiCo-LDH
20

0.25 0.27 0.29 0.31 0.33 0.35 0.37 0.39 0.41
Overpotential # @ 10 mA cm?2/V

Figure 8: Tafel slope and overpotentialf representative studiesorf a given transition metal
combination in LDHS'® "8 TheIrO, benchmark (blue) performaniseshown as a reference. The best
peforming catalysts are located on the bottom left of the ploile the ones with inferior performance
are on the top right.
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The choice of transitiometals for LDHSs is rainly focused on tbse with high redox activity.
Therefore combinations of F&”*, Ni?*** and C3&"®* metal cations are extensively
researcheff?" &3¢ &3dlAmong those, NiF€.DHs excel with high activityandstability andare
qualified for useasa costeffective material for largscale utilzation. Despite the impressive
catalytical capabilities, the active site of the material was subject to cosiabdescussion?’

The arliest studies suggested that the Ni atoms are the afigie high OER activitywhile

Fe was acknowledged to increase the acidity of @bieties coordinating with the Ni centers.
Thereby, the reduction potential for theé i couple can be lowered, increasing the population
of Ni** and thus aiding the OER activi§) Later results indicate that surface Fe exhibited
lower overpdentials leading to the conclusion that these should be the active ¢&hters.
However, oxyhydroxides with more than &% of Fe have failed to show any attreaetOER
activity 623 In fact, density functional theory (DFT) investigations indicated that the OER
overpotential of a single Fe site is consideydbjhe than experimental data suggeét® 621
In-operandaViéssbauer spectroscopy studiedicatedthat the formation of localized fFeis

the reason for the observed performancehile surrounding Nions exhibit a stabilizing
effect®! Thus the synergistic interaction between Fe and Ni in NIPes is the reason for
the excellent OER performané?

Other possibilities forfurther optimization have been explored, including nanostructuring
vacancy creatigrpartial cation substitutigrinybridization with conductive materiagndanion

replacemen®3c!

Nanostructuring aims to increase the number of active, dedlitate a more efficient
electrolyte diffusion adsorptionof educts,and desorption of products: ! This can, for
example, be achieved by exfoliation and miition of LDH nanosheets as the respective OER
catalystd’® |t is important to note that the higher number of active sites does not only originate
from a higher surface areH is consensual knowledge ththe edgesites dominate the OER
performance in bulkand there are only minor contributions from defsitésin the basal
planel®3 Howeverthe exfoliation process introduces additional defdwscontribute to OER
performance Concomitantly different etching techniquesan alsobe usedto purposefully

create vacancieand provide additional active sites in the same maffiietsc: 84

Another approach resembles the transition ftmmetallic to trimetallic LDHswhich aims to
increase the number of OER active sites in the catalyst mat&riiie to the intrinsically low
conductivity ofLDHSs, increasing the number of active sites alonmssifficient toboost the

performance significantlyTherefore, strategies aim toompositethem with conductive
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material grow LDH on then, or create heterostructuré&! 8 Anion replacement impacts the
widening of theintedayer space, potentially increasing the number of accessible active sites
and improving OER performance by modifying the electronic surface structure of the
catalyst®32 871

Despite the apparent focus on performance aspects, it is essential to reconsider the economic
and ecological aspects discussed previously. From this viewpoint, the use of Ni and Co should
be considered carefully due to competing interests in the mateatraltive manufacturing
industry of Lron batteries. Especially the use of Co, which is toxic and bears geopolitical risks,
has to be seen criticalgsmore than half of the worldwide Co is produced in Eremocratic
Republic of Congo under hazardous arsdcioeconomically questionablevorking
conditions® These circumstances have created a research interest in the exclusive use of
inexpensive and abundant iron in OER catal§i©ne example is the allon oxyhydroxide
maossbauerite derived from an LDHhiwh will be further introduced in the next section.
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3.4.1.3 All-iron OER catalyst: MOssbauerite

Besides higkperformance catalysts from the LDH family, its compositional richness also
allows access to a cesfficient and green catalyst matertzsedonly on inexpensive and
abundantiron. Usually, Febased alkaline OER catalysts areainy subject © high
overpotentials or dissolutid®f! The unique structural advantages of LDHs allbes synthesis

of the mixedvalence mineral green rust (GR) with an idealized formula of
Fe?'Fe®(OH)12C0s A3 H20. Unfortunately,structural F& species are prone to oxidation at
ambient oxygen fugacityThus, @rial or dissolved oxygen triggers tbeidation from Fé&" to
Fe**. This reaction induces theansformationinto variousferric oxyhydroxides like goethite,
feroxyhyte, and lepidocrocité€’! If the oxidation is performed through a quick and defined
chemical process using.8», the oxidation has baeshown to yield the ferrioxyhydroxide
and OER catalyst mossbaueri{&R*) Fa®*(0)s(OH)sCOs A3 H,0. The oxidation reaction
proceedsopotacti@lly, anddeprotonation provides the requirglthige compensatioli? The
carbonateons, which aresituatedin the interlayer space, stabilitiee structuré’®! With an
overpotential of 400nV at 10mA cn?, the catalyst is not competitive with higlerforming
mixed-metaltransitionmetal LDHs(Fig. 8), but efficiently boosts the low activity of ireonly
catalysts through incorporationtinis particularlybeneficiallayeredstructurel’®) Mgssbauerite
exhibits additional structural peculiariti@®rth investigatinggoncerninghe structurgropery

relationship.

A detailed charactezation of themdssbauerite structure is indispensable to understand why
despite the topotactic nature oéttransformatioii the diffraction pattern of GR* features less

and significantly broadened refions compared to GRY As typical for layered materials,
massive defects harapthe understanding of the real structame thus the structurgroperty
relationship of brucitéype compounds in general. DFT calculations have shown that upon
oxidation of the mixeeralent precursor GR to GR*, bonding of the interlayer anions to the
octahedrally coordinated Fespecies is triggerdét! This phenomenariermed'grafting', has

been described f@everal anionic species such as carbol{&{gshosphaté¥!, molybdate’$¥,

and chromaté¥! in various systemd.he process proceeds exothermically for the oxidation of
GR to QR*, thus resemblinghe driving force of this spontaneous bonding to the lajers.
Investigations concludthat inmdssbaueriteboth carbonate species, grafted to the layer a

free in the interlayer space, are present. The arrangement of these, however, is not systematic
and expresses itself in a random interstratification of layers with various grafting degrees. Thus,
the material caronly be described in a model composed ahdom interstratification ral

turbostratic planar disordé€!
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3.4.2 Nitrate double salts

3.4.2.1 Structure

Hydroxy double salts (HDS) are closely related to LDF&ynonymous terms includ@asicsalts

and layered hydroxide salts®® Their compositon can be expressed as
[(M?*14, M?* 1) (OH)3(1-9)] A @ +3yynAz H20 %P1 They are composed of divalent metahs
(M?") octahedrally surrounded by hydroxide ionssembling a structural derivative of the
brucite structurdFig. 9).°°! The denoted Nt ions can either be the same or different ionic
speciesln this case, howevepnly a difference of 0.08 in ionic radiir is tolerategdwhich
resembles a lower tolerance thtimat for LDHs.*! The most common morionic HDSs
include compounds based on?Z(r = 0.74A), Ni* (r =0.69A), C&@* (r =0.72A), andCw?*

(r =0.72A). The respectivbimetallic materials also exist as long as the previously stated rule
of ionic radii difference is satisfied! The interlayer aniogan either be monovalent, such as
Cl, NOs or CHsCOQ, or divalent, such as S8 or CQ;>.°% %8INotably, this interlayer anion

is bound directly to the metabn, thus definingthe structural identity This grafting
phenomenon was also found &mme LDHs described in the previous chaf$té?l HDSs form
layered structuregyith eithera planarlayer arrangement or layers with vacancies where the
metalion is relocated in a tetrahedral positidmis expressing the relation to LDHs and the
parent brucitel®c 97 ®IThe |attervacancytype arrangemens oftenfound for Znor Zn-rich

compoundsindis an exception as it doest exhibit this grafting characteris#€®

(2) (b)

Figure 9: (a) Schematic visuaationof one possibléayered structuref a nitrateHDS. The layers are
separated by interlayer anignghich are grafted to one laydb,c) The layers are composetiM?*
(green) octahedrally coordinated by hydroxated nitrate iongblue) The graphic is &sed on the
reported crystal structure of Bovio et falr Cle(OH)sNOs (gerhardite !
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The gructural richnessparticularlyfor Co, Ni and Cu HDS is well investigatednd various
syntheic methods have been presentedhialiterature’®? The most versatile route smple
alkaline precipitation by addgabase to a metaalt solution containinthe desired metal and
anion1%% Other synthesis methods include the reaction of a soluble sagtalth an insoluble
oxide %4 electrosynthesj8%! mechanochemical syntheSi€! hydrothermabkynthesi8®’], or
via urea hydrolysi&3® 1981 The attermethodworks by inducing the precipitation through a

constant releasaf NHsz andthe subsequersiow pH increase

3.4.2.2 Application in OER catalysis

Unlike transition metabased hydroxides, oxyhydroxidesd LDHs, HDS haveeceived less
attention as OER catalysts. Reports includen@droxycarbonate on carbon papge 240mV
at 10mA cm?)% or Ni-foam @=332mV at 10mA cm?)!1%  Coznhydroxysulfate
(d=370mV at 10mA cm?) 1 and CoMnrhydroxycarbonate on Nbam @ =294mV at
30 mA cm?).121 Among all investigited catalystaNi-hydroxynitrate on Nfoam exhibited the

lowestoverpotential ¢ = 231mV at 50mA cm?) reported for hydroxgoublesalts**!

Analogous to the strategies elaborated for LDHs, the improvement of the HDS usually aims to
utilize the compositional flexibility and move from monwetallic catalysts tawompounds
employing two different transition metalBhisincorporationcan happen #ier through small
scale doping oby replacinga significant amount of the divalent cation with anathiétOther
approachks aim o deposit them ora conductive or higksurfacearea substratéo boost

electrical conductivity and the accessible surface.&®al %!

While care should be taken when investigations are performed on substrates other than a GC to
avoid additional contributionschapter3.2.3, the material class has been proven to be a
versatile candidate for further development. However, the origin of the electrocatalytic activity
regarding the structeiproperties relationship, similarities, and differences to other brtypte

catalysts has been mostly disregarded.
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3.5 Scope of this Thesis

The motivationfor this work was tagain adeeper understanding tife OER electrocatalyst
structureperformance relationshifp develop efficient energy storage technolodgiased on
green hydrogerEmployinginnovative strategiesurrentresearchaims to develogfficient,
environmentally friendlyand scalablenethodso storethe energy harvested fno renewable
resourcs. Here different 2D electrocatalyst systems were further investigatedrticular
attention was paid tetructural detailsesulting from the interaction betweéme interlayer
anion andthe layer through graftingThis effect hasot beensystematically studieavith
respect toits impact onthe electrocatalytic capabilitiesf the given materialsThe major
incentive of the performed studies wastocidatehow catalystscan be tailorediot only with
a focus orefficiencybut alsotowardssustainability and applicability.

A stepwise approach ensutée correct understanding what these alterations look like and
which consequences they implgr the structure and performancéor this purpose, the
presented investigatigrdealt with three key questions, further outlined in chapter

Grafting represents a versatile parameter to tailor electrocatatyggtabilities The chemical
bonding of interlayer anions not only results in structafedrationsbut alsoinfluencesthe
electronic structurewnhich is similarly responsible for the activity of the OER cataltile

it is known that grafting is triggered in mossbaudffiethe influence of iron incorporation in
other LDHSs has only been investigated from a purely electrocatpbyjtit of view. Therefore,
connecting the LDH composition with the observation of grafindthe catalytical properties

is necessary to concludathe structurgproperty relationship.

U What are the structural and electrochemical effects ah&@poration angdthus the
Co/Fe ratio in Cor&DHs?

Despite the structural similarities of bruetigoe materials, they all feature vastly different
electrocatalytic propertiedA decisive difference between such layered hydroxides, layered
double hydraides(LDH), and hydroxy double sal{iDS) is the interlayer anios presence

and binding mode. To derive conclusions on the effect of interlayer anion grafting, it is thus
crucial to investigate different members of this material farailg compare themegarding

their structural peculiarities and properties

U How does the interlayer anion binding state influence the OER activity in different

brucitetype materials?
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To further improve the capabilities of a catalyst, the previously gained knowledge adout th
beneficiary of grafting can be combined to control the extent of grafting within the same
material class. Particularly farmaterial very prone to grafting, i.e., mossbauerite, it is crucial
to control the graftingbehaviorof interlayer anion®y influencing thedriving forcefor this

reaction

U Can modulation of the synthetic procedure influetize presence of graftednd
ungraftedinterlayer anion species in méssbauerite? How does it impact the structure

and the electrocatalytic capabilities of thetenial?
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4 Synopsis

The presented cumulative thesis consisthiaepublications(Fig. 10). These pick up the key

guestions stated in chapt®sb. The first focuses on the effect of-Eentent in CoF¢.DHs from

a structural and electrocatalytic point of view. The second wdeds withthe effect of

interlayer anion graftingand its irfluence on the observed catalytical performance of the

material. In the third publication, the previous knowledge is applied to obtain therilpn

electrocatalyst mdssbauerite with different degrees of grafiengn electrochemical route

-

Chapter 4.1:

Structural and electrochemical effects of Fe incorporation in LDHs
Caution, grafting! — Defects ahead! Free Ride!
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Chapter 4.2:

Influence of Grafting on the electrocatalytic capabilities of layered materials
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Chapter 4.3:

Grafting control — OER catalysis through a scalable Fe-corrosion process
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Figure 10: Graphic synopsis of all presented publications of this cumulative thesis.
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In chapter 4.1, the successful synthesis of a variety of compositions of Co/F¢s isdescribed
ranging from Fepoor (33.3at%) to Ferich (83.3at-%) samplesin terms of gucture, the
publication finds thathe oxidation of mixedvalence Fd.DHs triggers partial grafting of
interlayer carbonate to the brucite layers. The study inditiad® a minimum of 20% of Co is
requiredin these structure® obtain high currentehsities up to 20MA cm? at potentials
below 1.7V. Based on thesexperimerdl findings, underlined byprecedingtheoretical

investigations? it is apparent that grafting can plagmicialrole in OER catalysis.

The study performed ichapter 4.2provides a more haepth analysis of this effect in the scope
of a systematic study of brucitgpe layered compounds. For this purpose, bothabd Nk
based meerialsfrom this classare investigated. The work includes the corresponding metal
hydroxides M(OH) without an interlayer anion, LDHs with free interlayer anjoasd
hydroxynitrates with fully grafted interlayer anionghe investigations confirm thatiNand
Co-hydroxynitrates displagotably earlier formations dhe electrocatalytically active species
and particularly Cénydroxynitrates exhibit lower overpotentials (0\34at 10mA cm? and
0.40V at 100mA cnr?) than their other brucitgype relatives.

Chapter 4.3 presents a scalable, cheap, and 4fiient route to prepare the @lbn OER
catalys mossbauerite on ste@he preparation is based on an electrochemical corrosion process
to obtainthe mixed F&/Fe** precursogreenrust. Thesubsequently useakidationmethod to
obtain the ferric mossbaueritietermines the degree witerlayer aniongrafting. Apparent
differences in interlayer spacing and the change of observable stacking disdrckge that
grafting can be reduced using an electrochemical oxidation. rbiugalirectdeposition of the
OER catalysbnto a steel plate, which actsasiron source and the current collectlowsit

to outperform the bare steel substrafée obtained material careach 100nA cmi? at

potentials of 1.8% and 1.84V, depending on the degree of grafting.
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4.1 Structural and electrochemical effects of Fencorporation in LDHs

As discussed in chapt8r4.], the class of LDH#xhibits high flexibility toward substitution
patterns ancenablesthe partial replacement of metal ioriBhese properties allow for the
systematic variation of their comgton and their respective oxidation products, the
oxyhydroxides. For the mixedalent alliron LDH green rust, previous studies indicated that
oxidation triggers partial grafting of interlayer carbonate to the brlikidayersi®!! The iron

in the layers favarthe occurrence of this grafting processluang major stacking disorder
observed throughonsystematic peak broadening and an irratidd@iseries. Therefore, it is
sensible to assume thpartial grafting will also be triggered aboeertainiron contentsn

mixed-metal LDHs known for their versatile OER catalytical capabilities.

To investigatetie structural changes and the variation in OER activity, diffeCeffte ratios
were screened in carbonate LDHs. In terms of composition, the thermodynamicalstabtest
LDH composition oM?*:M3* = 2:1 was chosenvhere a dense packing of flialying carbonate
anions in the interlayavasachieved®® To drictly stick with this composition even at different
CdFeratios, both divalent anttivalent Fespecies were usedesulting in LDHs having the
general composition of [RexM3"x(OH)12](COs%)x2 A HO with M?*=Fe*, Co* and
M3t =Fée**. To eliminate the influence of uncontrolled aerial oxidatidrferrous Fein the
obtained productsthey were subjected to fast oxidation usingQd which allowedthe
convesion ofthe material to contain only ferrkee specieBy employing this strategyt was
possible to obtaihDH-type catalys ranging from an iron content of 33a8% to 83.3at-%

on the transitiormetal position

The successful synthesis of the obtaineds®GIIDH products with thedesired structure,
morphology and composition was proven tray diffraction (XRD) Fouriertransformed
infrared spectroscopy (FIR), scanning electromicroscopy(SEM), and atomic absorption

spectroscopy (AAS).

The XRD investigationallowed the obseation of sgnificant peakbroadening whethe Fe-
contentexceed5 at-%. This value is lower than in reference studies which can most likely be
attributed tothe strict adherence to the composition of divalent and trivalent cations of the
highest stabity.[*'8! Through variation of th€ao/Feratio, a $ift of the 003 reflectionscould

be observedaccompanied byariations in rationality and peak widtin line with previous
reports these findings @uld be attributedo the fact thabxidation ofthe mixedvalent LDH
triggered partial grafting of carbonatef the brucite layerS* Models have indicated a lower

d-spacing for.DHs with fully grafted compared to ungraftécterlayer anion&Y Therefore,
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the observed shifts weratributed to an interstratified real structure composed of random
interstratifications of varyig amounts of grafted and ngnafted layersexplaining both
irrationality of theOOl-series and variation in peak widfhhe smultaneouslyoccurringplanar
defects in the stacking of adjacent layarsclearly influenced by the compositioRe-poor
samples featutkintense and symmetrical reflectignshile Ferich samples featudeless
intense, lambdashaped reflections indicating turbostratic stacking, no defined phase

relationship between trstackinglayers

To further prove the origin of #sestructural alterationby relating them to grafting=T-IR
spectroscopyneasurements were employed to assessitittng mode of interlayer anions.
For Ferich samples, ite presence of grafted carbonaaions was evidenced througim
energetic splitting of thas band indicating asymmetry loweringrom Dzn to Cay. This splitting
further provel that thepreviousPXRD observationsideedoriginated froncarbonate grafting

Despite the structuralterations, based on tlehoice of Co/Feratio, it also had anotable

impact on the OER electrocatalysis. It was found that a minimum af%20Co is necessary to
achieve high current densitiestime order of200mA cm? at potenials lower thanl.7V vs.

RHE. The highest electrocatalytic OER actestwere determined for theCoFe layered
(oxy)hydroxide material with a Feontentof 50 at-% and66 at-%. Thereby synergistic effects

could be exploited in LDHsomposed of these two transition metatowever, it was
underlined that the gradual replacement of Co with Fe also bears structural alterations based on

a higher tendency of interlayer carbongtaftingto the brucitdike layers.
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4.2 Influence of Grafting on the electrocatalytic capabilities of layered materials
The studies presented in chapte®.1.3and 4.1 showedthat the grafting of interlayenons
might play avital role in the structural congtition of an OER catalysits activity, and its
stability. Despite thesignificantrelevance of brucitéype materials for OER catalysis, the effect
of grafting anions to these brucitge layers was never systematically investigated.

This studyaimed to provide a more profound insight into éfi@ctof grafting concerning the
activity of materials to be used as OER cataly=s.this purposeCo- andNi-based materials
from the class of brucitgype layered compounds were investigatétdese samples included
thecorresponding metal hydroxides M(QHljithout interlayer iongFig. 11a), LDHs with free

interlayer ions(Fig. 11b), and hydroxynitrates with interlayeanons bound to the layers
(Fig. 11c). All compoundswere synthesized, structurally characterizgdmeans ofX-ray

diffraction (XRD) and Fourietransformed infrared spectroscopy (i), and studied in terms

of their catalytic capabilities to facilitate the OER.
@
ot () / Brucite-type \ (c)
| _,"&i . Ni-/Co-hydroxide » »
— s » \

W o

R :

Layered Double Hydroxides (LDHs) Ni-/Co-hydroxynitrate

Figure 11: Chemical binding of interlayaons, i.e, grafting to brucitdike layered materialsnfluences
their electrocatalytic capabilities. Three- ldhd Cecompounds were assessed: (a) Brutgipe M(OH)

(no interlayer ions), (b) LDHs (free interlayer aniqra)d (c) hydroxynitrate (fully bonded interlayer
ions). Formal substitution of Olivith NO3' allowed for a widening of the interlayer space and a reduced
electron density at the metal cesstto induce the onset of the OER at lower poterifigldCopyright
2021 Wiley-VCH Verlag GmbH & Co. KGaAReproduced with permissign

The metal hydroxide representativé(OH)> and Co(OH) expectedly featured the lowest
interlayer distances with 4.6 and A7 The distance is the narrowest of all investigated
materials due to the absence of an interlayer ion. The interlayer space of LD#is a
hydroxynitrateswas thus significantly highedue to the steric demand of the corresponding
ions. For LDHsconsiderablylargerinterlayer distances of 7.5 and Aévasfound for NiAl-
COs and CoAICG;s, respectivelyCompared to the other classegdroxynitrates feature a

lower spacing between their layers due to the grafting of interlayer nitrate anibich
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allowed for a contraction of the layers. Here, 6.9 andd7v@ere determined for the Nand

Co-hydroxynitrate, respectively.

FT-IR investigations of thenaterials expectedly indicated the absence of any interlayer anion
in the M(OH)» samples but exhibited additional bands for the interlayer anions in both LDH
and hydroxynitrate samples. Howevee tionding modef the interlaye anionsvasinherently
different. Direct bonding to the layer compared to free interlayer anions was evidenced by the
symmetry of the interlayer anion§or LDHs, intercalated carbonate anions exabDsn
symmetry in both LDHgwhile the symmetry in thieydroxynitratesvasreduced td, through
grafting to the layer. Thiwas concluded based &me presence of two distinet andvs modes

at 1300 and 1500m?, respectivelywith acharacteristiszvavenumber difference of 2@®n™.

The presence of these nodes indicated that one oxygen of wiisdgectly bound to the metal
cation completing its octahedral coordination shell and pealdirect experimental evidence

for the nitrate grafting indth Ni- and Cehydroxynitrate.

Indeed, théoondingsituation between the layers and the interlayer ions proved to infltlence
electronic structure and thus the observed OER actNiyaly, hydroxynitrates allowed the

formation of the electrocatalytilba active species at significantly lower potentials than the

other compounds studie@rafted nitrate anions influendghe oxidation of Ni*, allowing its

conversion to the activ@ER species, i.eNi* at more cathodic potentidf This indicated

the highest intrinsic activitamong all Nicontaining materials testdzut was unfortunately

hampered due to the lower number of active sites. Similar findings for thgdoxynitrate

confirmed this trend-ere, the oxidation peak associated with th& Gridation was foundo
be~0.15Vand~0.2V | ower compar ed -CofOHpdn@&CoAtG@:kDEHs pondi
In the case of Ghydroxynitrate, current densities of 10 and H@& cm? could already be

achieved with overpotentials of only 0.34 and O/40espectively.

Additional galvanostatic testing confirmetthe high stability of hydroxynitrates under
continuous load and thereby underlined the potential of this compositional dlexdterial
class as an electrocataly$hese resultted tothe conclusion thahereweretwo significant
influences on the redox activity of the compounds studied. Firlsdyyidening of thanterdayer
spacing for better accessibility of the catalglig active ceners. More accessibty to such
active sites resudt in increased net activitySecondly,the electra-donor capabilityof the
interlayer anionby formally replacing thenetal center's hydroxide ligand@ihis alteration in
the bonding situation alssignificantly influence the electronic structure anithus the redox

activity of the compounds studie
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4.3 Grafting control T OER catalysis through a scalable Fecorrosion process

The resultssummarizedn chapterd.2 evidenced that #h electrocatalytic capabilities within

one material class can be optimized by choosing the extent of grathrgfindingand the
pursuitof designinga scalable, sustainieh and nortoxic electrocatalysted back to the all

iron OER catalyst méssbauerite. For this material, a detailed study regarding the driving force
and structural consequences of graftingswliscussed previousRt! Neverthelessthese
synthetic routes never allowabtainingdifferent amounts of grafted interlayer iofts the

same material

For this purpos, thestudy aimedo remove or minimize the driving force of grafting, the
exothermic reactioof the mixedvalent precursowith H.O.. The developed electrodeposition
through a scalable corrosion proce$ssommercial steehllowed to obtain the mixedalent
greenrust (Fa?"Fe*"(OH)12COs-3 H20) before the critical step of oxidation to the monovalent
Fe* catalyst mossbauegit(Fe*"(0)s(OH)COs-3 H20). The corresponding catalyst was
successfully yielded by performing the xidation either chemically (with #D2) or
electrochemically The obtained materials were subjected to structural, morphological, and
electrocatalytic OER tests using-ray diffraction (XRD), Fouriertransformed infrared
spectroscopy (FTR), Mossbauer spectroscopsganning electron microscopy (SEM), cyclic

voltammetry (CV), and chronopotentiometesting (CP).

Notably, the product obtained bylectrochemical oxidatiofeatured less contraction of the
interlayer space and a reduction of akiable stacking disorder. This was evidenced by XRD
measurements which reldtevariations in the apparent basal spacing to a random
interstratification of grafted and intercalated domaifise higher refletion intensity andd-
value observed for the eleastthemically oxidized sample indicatsignificantly fewer grafted
domains.Consequently, more intercalated (i.e., ungrafted) domains contilboiteandom
interstratification resuling in an overall higher observed basal spacing of 7.Bokchemical
oxidation the typically featureless XRD patt€fn®* with broad reflections anithe absence of
the 002 reflection was observedHere, extensivagrafting of interlayer anions led to a
contraction of the interlayer space decreasing frond6the parent green rum 7.1A. Thus,

it could be concluded thatectrochemical oxidation indudéessinterlayer CG* grafting due

to a smaller driving force for grafting thahemical oxidation

Apparent characterisscfor reduced grafting in the electrochemicalkidized samplavere
alsofound by performind-T-IR investigatios. Similar to the analysis describedchapted.2,

bonding to the brucitéke layer is accompanied by a symmetry reduction of the carbonate ion
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from Dsn to Cyy, resulting ina pronouncedis band splitting upon graftingfherefore, itwas
possible to distinguish between grafted and intercalated carbanates. Comparing the
chemically and electrochemically oxidized sample, the band splittingramgithe presence of
grafted carbonate was evident in either santidsvever, he relative intensity of the respective
bandspresented qualitative evidence that the ratio of grafted to ungrafted spesiegher
for the chemically oxidized sample. THisding provided further evidence to support the
previous XRD findings that thelegree of graftingcould be reduced by electrochemical

oxidation.

SEM analysis of both samples indicatadypicalmorphology of platy crystals which are often
intergrown with smaller platelets. These morphological changes to the surfacdafdasieel
plate also allowedor increasingits number of active sites by a factor of 2042.7 for the
chemically and electrochemically oxidized samptespectivelyThis property wagvidenced
by the analysis of the electrochemically active surface area (ECSA)

Electrocatalytic testing concluded thatarent density of 10mA cm? could be reached at
potentials of 1.8% and 1.84V for the chemically and electrochemically oxed sampls,
respectively. Thus, botbutperformedhe bare stegblate (1.88V) when being operated ia

1 M KOH solution.Long-term measurements also showeslaver performance degradation

for the electrochemically oxidized sammemparedo the bare steel platinterestingly, the
chemically oxidized sample exhibited a faster degradation. This difference in catalysts was
attributed to the harsh conditions during chemical oxidation which ultimately may give rise to
theloss of electrical contact between the catafind the current collector. In contrast, the mild
electrochemical oxidation allowed for the formation of percolation pafifectively delaying

the degradationln general, he ncrease in overpotentimlasan indicatorof degradation and

the loss of etive sites which wasconfirmed by postnortem analysis. The bare steel plate
exhibiteddiscoloration after the experimetikely due to the formation of inactive corrosion
products that block access to active eentThe morphology of the catalysbatd samples

was generally preserved while they exhibited rounded corners and secondary deposits on the

surface likely originating from reprecipitation.

Besidesmprovingthe electrocatalytic capabilities of the steel pldte direct electrodeposition
of the catalyst on a conductive substrate also enabled the first systematic study of the impact of

grafting on the performance oféssbaueriten the OER
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Layered double hydroxides (LDHs) are presently among the best-performing oxygen evolution reaction
(OER) electrocatalysts in alkaline media. The high activity of LDHs is due to synergistic effects between
two transition metals as well as the layered structure which facilitates electron transfer. Because of a
perfect match with the size of interlayer carbonate a ratio of 2:1 for the di- and tri-valent octahedral
cations is energetically preferred. Here we present a strategy, where first mixed valent (Coz*l.zFez*z)‘.
Fe3*; - LDHs, with z values between 0 and 0.75 are synthesized, which are subsequently oxidized to
Co’*Fe>* LDH-type layered (oxy)hydroxides with an unusual high trivalent Fe content. Characterization
of the chemically oxidized materials using bulk and surface techniques demonstrated the successful
synthesis of LDH-like trivalent iron rich (Co®*)s.q; (Fe>*)2.4; (oxy)hydroxides with a final Fe content
ranging from 33.3 to 83.3%. Current densities of up to 200 mA cm™2 were obtained at potentials lower
than 1.7 V vs. RHE for (Co*")4_s, (Fe**);,.4, (oxy)hydroxides containing a maximum of 80% Fe.

© 2020 Elsevier Ltd. All rights reserved.

Keywords:

Electrocatalysis

Layered double hydroxides
Oxygen evolution reaction

1. Introduction elements are preferred. Such efficient and durable electrocatalysts

will play a pivotal role in future developments of this field [8]. To

Water splitting catalysts are of rising interest due to their key
role in the conversion and storage of green energy [1-4]. The
emerging focus on renewable energies and gradual refusal of
conventional fossil energy sources give rise to new challenges
regarding discontinuous energy provision as well as energy grid
management. Thus, a major focus is to deal with the fluctuating and
intermittent nature of renewable energy sources and store excess
energy in chemical bonds, e.g. as hydrogen [5]. However, the
bottleneck for such a cycle is the energy loss associated with the
oxidative half-reaction, namely the oxygen evolution reaction
(OER) [6]. It features a prominent overpotential due to sluggish
kinetics caused by the coupled four-electron/proton transfer re-
actions to generate O, [7]. Moreover, for green energy production,
environmentally friendly, earth-abundant and thus affordable

* Corresponding author.
** Corresponding author.
E-mail addresses: josef.breu@uni-bayreuth.de (J. Breu), corina.andronescu@uni-
due.de (C. Andronescu).
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0013-4686/0 2020 Elsevier Ltd. All rights reserved.

reduce the overpotential on the anode side during water-splitting,
cobalt catalysts such as Co—Ni—P nanowires [9] and CoP-
mesoporous nanorod arrays [10] were shown to be highly active
and stable. These compounds often require extensive synthetic
efforts and contain high percentages of Co, which is comparatively
expensive, toxic and is mined in politically unstable regions.
Therefore, substituting part of the cobalt through environmentally
abundant, readily and globally available and cheap iron is highly
desirable. In addition, synergistic effects between iron and cobalt
show an improvement of the electrocatalytic activity beyond the
performance of pure Co-compounds [1,11]. It has been suggested
that approximately equal amounts of Fe and Co yield the highest
catalytic activity [11]. Verification of this hypothesis requires ma-
terials/structures providing compositional flexibility.

The structural class of layered double hydroxides (LDHs) is
known to demonstrate high activity regarding the OER while
providing excellent compositional flexibility [1,12]. In general, the
composition of carbonate-LDHs can be described as
[M?*6_xM>*(OH)12]{(CO% 7 )xj2 -nH20}, where M** is a divalent

-49-




Publications

2 S. WeiR et al. / Electrochimica Acta 350 (2020) 136256

and M3+ a trivalent metal species with x having values between
0 and 2 [13]. LDHs exhibit a layered morphology, are nanosized and
may, moreover, be exfoliated providing significant surface areas
and hence active sites for reactants, rendering them effective
water-splitting catalysts [14—18]. Particularly their high flexibility
towards substitution patterns with various metals renders them
ideal to partially substitute some of the metal sites allowing for
systematic variations of the composition [19]. For carbonate-LDHs,
a ratio of M2+:M3+ =2:1 represents the thermodynamically most
stable LDH composition because it corresponds to a dense packing
of flat-lying carbonate anions in the interlayer space [20]. In this
work, we consequently stick to this preferred charge density. As a
trivalent cation Fe>* is applied, while for M2+ various ratios of Co?*
and Fe2* were chosen. Since mixed valent Fe-LDHs (“green rusts”)
are very sensitive to oxidation, the materials were subsequently
converted to Fe>*-only materials by fast oxidation with H,0-. This
way LDH-type catalysts were obtained with Co®*:Fe>* ratios
ranging from 2:1 to 1:5 that were tested for catalytic activity in
OER.

2. Experimental details
2.1. Chemicals

Cobalt (1) chloride hexahydrate, iron (II) chloride tetrahydrate,
iron (I1I) chloride hexahydrate, sodium carbonate, hydrochloric acid
(32%), phosphoric acid (85%), nitric acid (70%), fluoroboric acid
(48%), potassium hydroxide and Nafion 117 solution (5%) were
purchased from Sigma-Aldrich and used as received. All solutions
were prepared with Ar-saturated Milli-Q water. Hydrogen peroxide
solution (30%) was supplied by VWR chemicals.

2.2. Catalyst material preparation

The mixed valence LDHs [(Co?*;_, Fe?*;)4 Fe>*(OH)12J{(CO37) -
n Hy0} with 0 <z <0.75 were synthesized by a co-precipitation
process. Corresponding amounts of metal chloride salts were dis-
solved in 50 mL Ar-saturated Milli-Q water yielding typically a total
metal concentration of 0.4 M. 40 mL of a 1.0 M Na,CO; solution was
added in one shot to the metal salts solution inducing the precip-
itation of a carbonate interlayered LDH. After stirring the suspen-
sion for 30 min, 2 mL of 30% H203 solution were added. Please note:
Neither 0.4 M CoCl; - 6H0 nor a mixture of FeCl; - 4H>0 and FeCl3
- 6H,0 can be precipitated upon addition of H,0,. This indicates
that (oxy)hydroxides will not form under these conditions. After
additional 10 min of stirring, the suspension was centrifuged and
washed five times with water before freeze-drying. The nominal
metal ratios used for the synthesis of the different CoFe-LDH
samples as well as the final compositions of the obtained CoFe
layered (oxy)hydroxides are presented in Tables 1 and 2.

Table 1
Nominal metal compositions used for synthesis [(Co®*;_, Fe**,)s Fe**5(OH);,]
((CO%') - n H,0} with 0 <z <0.75 LDH intermediates.

Co** Fe2* Fe** M2+ M3+ Fe-ratio/%
1 3 2 2 833
1.2 28 2 2 80.0
1.5 25 2 2 750
2 2 2 2 66.7
3 1 2 2 50.0
4 0 2 2 333

Table 2
Metal compositions of final CoFe layered (oxy)hydroxide samples according to AAS
data.

Sample Co?* Fe* Full formula

CoqFes 1 5 [Co1Fes(OH)e03]CO3
Coy.oFess 12 48 [Coy-2Fes.g(OH)o.20,£]CO;
Coy.sFess 15 45 [Coy.5Feq.5(OH)s.50, 5]CO5
CoyFey 2 4 [CozFeq(OH)1002]C0O5
CosFe; 3 3 [CosFe3(OH)1;0,]CO;
CosFes 4 2 [CoaFex(OH)1200]COs

2.3. Structural characterization of the materials

Powder X-ray diffraction (XRD) patterns were recorded with Ag
Ko radiation (h=0.5594 A) in transition mode applying a STOE
Stadi P equipped with four MYTHEN2 R 1 K detectors. XRD patterns
can be indexed according to PDF#50—0235 reported for CoFe-LDH
[1]. The infrared (IR) spectra of the powder samples were recorded
using a JASCO FTIR 6100 spectrometer (400-4000 cm™! range,
4cm™! resolution). The specific surface area was measured with a
Quantochrome Nova A with Ny as adsorbate at 77 K applying the
Brunauer-Emmet-Teller (BET) method. Transmission electron mi-
croscopy (TEM) images were registered using a Zeiss/LEO EM922 Q
transmission electron microscope. Scanning electron microscopy
(SEM) images were acquired using a Zeiss/LEO 1530 system. Fe and
Co concentrations were determined by atomic absorption spec-
troscopy (AAS) applying a Varian AA100 spectrometer. For this,
20 mg of the compounds were dissolved in an acidic solution of HCl
(3 mL), H3PO4 (1.5 mL), HNO3 (1.5 mL) and HBF4 (2 mL) and diluted
with water to a volume of 100 mL. X-ray photoelectron spectra
(XPS) were recorded using a Versa Probe Il from Physical Elec-
tronics. Copper and gold were used for calibration. Shirley-type
background-subtracted data is presented.

2.4. Electrochemical characterization

The catalyst ink was prepared by dispersing 1 mg powder
catalyst in 0.2mL solvent mixture (0.004 mL Nafion solution,
0.098 mL ethanol, 0.098 mL water) by 30 min sonication generating
a stable suspension (5mg/mL). A certain volume of the ink was
drop-coated on the glassy carbon electrode (Aelectrode = 0.1134 sz)
to obtain a mass loading of 0.2mgcm™2 catalyst. Rotating disk
electrode measurements were carried out in a standard three-
electrode setup using an Autolab Potentiostat/Galvanostat
PGSTAT128 N with a platinum mesh as counter electrode, a Ag/AgCl
(3M KCl) reference electrode and the catalyst modified glassy
carbon electrode as working electrode. The counter electrode was
separated from the bulk electrolyte by a glass frit and all electro-
chemical measurements were performed in O; saturated 1 M KOH
solution. Purified electrolyte was used for all electrochemical
measurements using a cation-exchange resin — Chelex 100 (Bio-
Rad Laboratories) following the procedure recommended by the
producer. The uncompensated resistance was determined from
electrochemical impedance spectroscopy (EIS) recorded in the
frequency range from 100 kHz —100 Hz with an AC perturbation
voltage of 10 mV (RMS) at open circuit voltage. Linear sweep vol-
tammograms (LSVs) were further recorded in the potential window
from O to 1V vs. Ag/AgCl (3 M KCl) at a scan rate of 5mVs~" and at
1600rpm (before cycling). In order to have a fast hint on the
catalyst stability during OER, 10 CVs were further recorded in the
same potential window at a scan rate of 100 mvs~L. Following this,
a second LSV was recorded at a scan rate of 5mVs~' and this LSV
was named “after cycling”.

The potentials measured vs. Ag/AgCl (3 M KCl) were converted
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to the RHE scale and corrected for the uncompensated resistance
using the formula:

Erue = Eagjagal + E°agiagaiam kery + 0.059*pH — iR

Where: Egye is the potential (in V) vs. RHE, Eagjagc is the applied
potential (in V) vs. Ag/AgCl (3 M KCl), EnAg/qu (3M kel is the formal
potential of Ag/AgCl (3 M KCl) (in V), i is the registered current (in
A) and R is the solution resistance (in Q), which was derived from
EIS (high frequency range).

The electrochemical surface area (ECSA) was calculated
following the report of McCrory et al. [21] Cyclic voltammograms
were recorded in the non-Faradaic region at scan rates (v) of 0.005,
0.01,0.025,0.05,0.1 and 0.2 Vs™! in the potential window calculated
as open circuit potential (OCP) + 0.05 V. The electrochemical double
layer capacitance was calculated using the formula: Cp, = i- »~!
where i is the current recorded at a defined potential at different ».
For ECSA calculation the following formula was used: ECSA = Cp; -
CS-‘, where C; is the specific capacitance which was in this manu-
script approximated with 0.04 mFcm=2 [21].

3. Results and discussion

The co-precipitation of different ratios of Co®*, Fe?* and Fe>*
chloride salts yielded carbonate interlayered LDHs with the
preferred (Co**+Fe?*)/Fe** ratio equal to 2 and a total nominal Fe
content varying between 83.3 and 33.3% (Table 1). Mixed valence
green rust type LDH materials are known to be prone to slow
oxidation in suspension or at ambient oxygen fugacity whereupon
the materials eventually transform into goethite [22]. Due to this
sensitivity to oxidation the materials were, without isolation of this
precursor, directly oxidized by addition of H,O, to layered
mdssbauerite-type all Fe3* materials according to our recently re-
ported procedure [23]. To preserve the LDH structure at ambient
conditions this rather fast and complete chemical oxidation to Fet
is required. Thus, all materials tested for electrocatalysis are
méssbauerite-type Fe** only materials.

The CoFe layered (oxy)hydroxide materials contain Co®* and
Fe*, they are stable and can be handled in atmosphere without any
precautions. Charge compensation upon oxidation is accomplished
by partial deprotonation of structural hydroxyl groups [24]. The
compositions of oxidized products were analyzed by means of AAS
and were consistent with nominal ratios of the metal salts within
experimental errors (Table 2).

All observed diffraction peaks (Fig. 1) located at 4.1°, 8.3°,12.2°,
13.8°, 16.4°, 20.6° and 21.1° can be indexed with the unit cell
published for CoFe-LDH (PDF#50—-0235) as (003), (006), (012),
(015), (018) (110) and (113) planes, respectively. The interlayer d-
spacing determined based on the 003 reflection is 7.8 A for CosFey,
which is in good agreement with the value for a CO3~ intercalated
LDH [25]. Kim et al. [26] observed a pronounced broadening of
reflections with decreasing cobalt content. The effect became very
noticeable when the Co-content is decreased to 60% [26]. We
observe a significant broadening only starting from less than 25%
cobalt (Co;.sFess, Coq.oFess, CojFes). We attribute this improve-
ment to our specific synthesis protocol that initially applies strictly
the preferred 2:1 ratio of M2*:M>*. This synthesis protocol con-
trasts with previous reports where the materials with different Co/
Fe-ratios were synthesized using a one-step approach involving
only Co?* and Fe>* salts [26,27], which implies a significant devi-
ation from the preferred 2:1 ratio of M**:M>* for carbonate-LDHs.

The 003 reflection is first gradually shifted from 7.8A to a
minimum of 6.4 A with increasing Fe>*-content (CosFe,, CosFes,
CozFe4) and then increases again to 7.5 A when further increasing

(003)
(006)
(012)
(015)
(018)
(110)
(113)

Intensity / a.u.
@)
o
t

20/°

Fig. 1. XRD patterns acquired for the different CoFe layered (oxy)hydroxide samples.
The cobalt-content decreases from top to bottom. Differences in peak positions and
sharpness can be observed depending on the metal compositions of the materials.

the Fe**-content (Coq.5Feqs, Coy.oFesg, CojFes). These shifts are
accompanied by variations in the peak widths and the rationality of
the 00I-series. We have previously shown that the oxidation of
mixed valence Fe-LDHs triggers partial grafting of interlayer car-
bonate to the brucite layers [28]. According to ab-initio modelling,
the completely grafted structure is expected to have a significantly
smaller basal spacing (6.9 A) than the non-grafted LDH (7.2 A) [28].
The above shifts may therefore be related to interstratified real
structures composed of a random interstratification of varying
amounts of grafted and non-grafted interlayers. The variation of
peak widths and irrational 00I-series could also be explained by
such an interstratification. According to the Hall-Williamson
method, thickness related broadening would increase FWHM of
00l peaks systematically with cos 6. We observed, however, a non-
systematic broadening, which clearly is related to the effects of
statistical interstratification as described by Mering's rules [29]. For
instance, for sample CosFes the FWHM of the 006 (0.272°) is smaller
than the FWHM of the 003 (0.305°).

Refinement of these real structures is tedious and time-
consuming and thus beyond the scope of this paper. Grafting
with some of the CoFe layered (oxy)hydroxides is additionally
qualitatively supported by Fourier-transform infrared spectroscopy
(FT-IR) as discussed below.

Concomitantly, planar defects in the stacking of adjacent layers
vary with composition as indicated by the shape and the relative
intensity of cross-reflections, e.g. 110. The 110 reflection for the
cobalt-rich samples Co4Fe;, CosFes and CoyFey is symmetrical and
intense indicating few to null planar defects while it becomes
lambda-shaped and less intense for samples CojsFess, CoizFess
and CoqFes indicating a turbostratic stacking with no defined phase
relationship of adjacent layers in the stack.

The oxidation state of Co and Fe of the CoFe layered (oxy)hy-
droxide catalyst was verified by XPS (Fig. 2). The binding energies
were calibrated using the peak corresponding to the C 1s adven-
titious carbon located at 284.8 eV as reference. Although decon-
volution of the Co 2p and Fe 2p peaks is hampered by the low signal
to noise ratio of the recorded spectra, both Co and Fe can safely be
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Fig. 2. High resolution XPS spectra of CoFe layered (oxy)hydroxide samples recorded in the (a) C 1s, (b) Fe 2p and (c) Co 2p regions.

assigned to oxidation states Co?* and Fe’*, respectively. For Fe the
main peak is observed at BE ~711 eV, which is in good agreement
with values reported for FeOOH [30]. XPS cannot provide evidence
for the formal oxidation state of Co. We can, however, indirectly
conclude on it: In a previous publication on iron-only mdssbauerite
we have presented Mossbauer spectroscopy showing complete
oxidation to Fe>* by means of H,0, [23]. It is sensible to assume
that Fe oxidation is also complete in the CoFe samples as presented
in this manuscript. Moreover, we see a clear oxidation peak in the
first linear sweep voltammogram (Fig. 4b) which, depending on the
Co content, is located at potentials between 1.2 and 1.4V vs RHE
and which corresponds to the oxidation of Co?* [11].

All CoFe layered (oxy)hydroxides come in irregularly shaped
platy crystals with rounded corners (TEM-images: Fig. S1 and SEM-
images: Fig. S2). The degree of inter-growth of platelets varied with
composition. Samples with high iron content featured more indi-
vidual, particular platelets, whereas an increase in the cobalt ratio
leads to an increasing inter-growth of the platelets to aggregates
(Fig. S2) into rose-like morphologies quite typical for LDHs. Size
distributions of all CoFe layered (oxy)hydroxides catalyst samples
was determined by TEM through averaging over multiple crystals
(Fig. S1). Within errors, the disordered crystals feature similar
average dimensions as the less disordered samples. However, the
irregular shape results in a high intra-sample variability with
lateral dimension ranging from 50 nm up to 275 nm with a thick-
ness of 20 nm for the platy crystals. For the specimen with the
highest content of Co, the size determination was not feasible
because of the strong intergrowth and formation of bigger aggre-
gates (Figs. S1 and S2).

The specific surface area of all samples was determined using
the Brunauer-Emmett-Teller method (Table 3) [31]. CoqFes,
featuring the highest iron content, exhibited the largest specific

surface area with 242.1 m? g'l, while sample CojsFess exhibited

Table 3
BET-data and the calculated electrochemical surface areas (ECSA) of the samples
with various compositions.

Sample BET surface area/cm? g~! ECSA/cm?

Co,Fes 242.1 0.389+0.004
Co;.oFess 1141 0.322 +0.032
Co.sFeas 983 0.735+0.024
CoyFe, 106.3 0.561+0.048
CosFes 106.5 0.424+0.014
Cog4Fey 147.8 0.797 +0.034

the lowest with 98.3 m? g‘l. As the iron content decreases, the

surface area decreases from sample Co Fes to CoqsFess and then
increases again from samples CoFey4 to CogFe;.

UV Vis/DRS spectra of all CoFe layered (oxy)hydroxide materials
(Fig. S3) showed a prominent semiconductor transition with no
obvious localized transitions. The bandgaps vary slightly between
1.8 and 1.6eV for the direct and 1.5 and 1.7 eV for the indirect
transitions. No clear trend can be recognized depending on the
composition. The trend could, however, be masked as the values
might be shifted slightly due to the Urbach tail. This phenomenon
originates from less crystalline domains or defect states and is
frequently encountered in semiconducting materials [32].

To verify the presence of grafted carbonate as opposed to simply
intercalated carbonate as indicated by XRD, FI-IR spectra were
analyzed (Fig. 3). For all synthesized materials a broad band located

100
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Fig. 3. FT-IR spectra of the synthesized CoFe layered (oxy)hydroxides samples. The
inset shows the regional characteristic for the carbonate. The splitting of the 3 band of
carbonate with an energy difference of ~120 cm=" is an indication for the monodentate
carbonate in Co,Fes, Coy.5Fess, Coq.oFess and CoqFes. Particularly CoFes exhibits
pronounced band splitting. Contrarily, CosFe; and CosFe; show almost no band
splitting.
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Fig. 4. Electrochemical data recorded for the synthesized CoFe layered (oxy)hydroxides catalyst samples using RDE experiments in O, saturated 1 M KOH solution with 1600 rpm
and 5mV s~ scan rate: (a) First linear sweep voltammograms recorded (before cycling), (b) zoom of Fig. 4 (a) in the low region current part, (c) Linear sweep voltammograms
recorded after performing 10 CVs with 100 mv s~ (after cycling), (d) first linear sweep voltammograms recorded (before cycling) where the current densities were calculated using
the electrochemical surface area and (e) comparison of the initially most active electrocatalyst Co4Fe, before and after the electrochemical cycling.

at 3650 - 3200 cm™! corresponding to the O—H stretching vibration
mode of water and hydroxyl groups was observed. The signal at
3000 cm~!, which was for most samples only visible as a shoulder,
is attributed to the hydroxyl interactions with carbonate and ions in
the interlayer [33]. At 1611 cm™, the bending mode of interlayer
water is visible. Carbonate ions located in the interlayer space with
D3, symmetry were confirmed by the presence of characteristic
bands at 1382 cm™" and 1350 cm™! corresponding to asymmetric
stretching modes of CO5~ [26,34]. A splitting of the »3 band into
1470 cm™" and 1350 cm™" can be clearly observed in the iron-rich
samples CoqFes, CojsFesg, CoisFess and CoyFes. The identifica-
tion of such »3 band splitting with an energy difference of 120 cm™!
indicates a lowering of the symmetry from D3, to C2y and has
previously been assigned to monodentate carbonate. Thus, it pro-
vides qualitative evidence of interlayer carbonate grafted to the
layers [28]. In contrast, the Co-rich samples CosFe; and CosFes
show little to no band splitting indicating free interlayer carbonate
in D3, symmetry and no grafted carbonate. Interestingly, XRD
indicated that these samples suffer least of planar defects and
interstratification, suggesting that grafting might be directly
related to defect concentration.

The electrocatalytic activity towards the OER of the synthesized
trivalent Fe-rich CoFe layered (oxy)hydroxide materials was
assessed by means of linear sweep voltammetry in rotating disk

electrode experiments. The lowest electrocatalytic activity was
registered when Co;Fes was used as electrocatalyst, this being the
only case when a current of up to 200mAcm=2 could not be
reached. Interestingly, the small increase of the Co content in
CoizFes g leads to a tremendous boost of the activity, despite the
surface area of the sample, determined from BET measurements,
being almost 2 times lower than of that of sample Co;Fes (Table 3).
Also, by normalizing the recorded currents to the ECSA, CoqFes
shows the lowest activity of all measured samples (Fig. 4d). Taking
only minor structural differences between these two samples into
consideration, as suggested by XRD and TEM data, it can be
concluded that a critical amount of Co is necessary in order to boost
the electrochemical activity of the CoFe layered (oxy)hydroxides. A
further increase in Co content leads to an increased catalytic ac-
tivity with the maximum value reached for CosFe; or CosFes,
depending if the current normalization is performed by the geo-
metric surface area (Fig. 4a) or by the ECSA (Fig. 4d), respectively.
While at lower current densities (10mAcm'2) no significant dif-
ference can be observed between Co,Fe,, CosFe; and Co4Fe,, the
difference becomes more visible at high current densities (Fig. 4 a,
Table 4). Normalization of the currents by the ECSA instead of the
geometric area of the electrode is not significantly impacting the
observed trend (Fig. 4 a vs. 4 d). After running 10 CVs at a scan rate
of 100 mV s~ in the same potential window, an additional LSV was
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