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Abstract

Water splitting by electricity into molecular hydrogen and oxygen is a seminal approach for carbon-neutral and
large-scale fuel production. However, the feasibility of electrochemical water splitting is still limited by the large
overpotential of the oxygen evolution half reaction (OER). Nowadays, noble metal-based compounds like IrOz or
RuO2 are common electrocatalysts to reduce the kinetic barrier for the OER. They can be replaced by NiFe-based
oxides such as spinel-type NiFe:04. NiFe-based oxides can be synthesized from low-cost and abundant precur-
sors. The following work will introduce two different strategies to prepare different single-phase NiFe204 nano-
materials: mesoporous NiFe204 (aqueous soft-templating method) and nanoparticulate NiFe204 (non-aqueous
microwave synthesis).

In short, the soft-templating method makes use of a structure-directing agent (SDA) such as amphiphilic block-
copolymer Pluronic® P-123 mixed with citric acid-complexed metal nitrate precursors to produce mesoporous
NiFe204. The actual mesopore formation mechanism during subsequent thermal treatment was investigated sys-
tematically. Electron microscopy and nitrogen physisorption analysis reveal highly porous structures with highly
accessible mesopores (diameters 5-12 nm) and specific surface areas up to 200 m? g,

The production of NiFe204 nanoparticles involves the dissolution of metal acetylacetonates in phenylethanol
prior to microwave treatment at elevated temperatures. Applying this method, monodisperse NiFe204 nanopar-
ticles in the size range of 4-11 nm with specific surface areas up to 250 m? g can be synthesized easily within
minutes. Due to the ultrasmall size of the particles, non-equilibrium conditions can be found. The spinel structure
is significantly affected and deviates from the thermodynamically most stable inverse state, leading to changes
in the degree of inversion, that in turn influence the material properties such as magnetism and conductivity,
which was examined in detail by Mossbauer spectroscopy and magnetic measurements. Both NiFe204 nanopow-
ders were finally tested for their abilities to electrocatalyze the oxygen evolution reaction in alkaline solution. By
keeping the elemental composition of NiFe204 precisely constant, the influence of key parameters such as mor-
phology, crystallinity, and degree of inversion on the electrocatalytic performance could be studied in detail.
With the most active sample (7 nm nanoparticles), the overpotential for OER is successfully lowered to 380 mV,
compared to 410 mV measured with optimized mesoporous NiFe20a.

Other Fe-containing spinel oxides are accessible via application of the introduced microwave synthesis, which
was illustrated exemplary for MnFe20as.

Apart from water electrolysis, in times of rising carbon dioxide levels in the atmosphere, using electricity to
convert the greenhouse gas into precious synthetic organic fuels such as carbon monoxide, methane, methanol,
or formic acid (Ci-compounds) becomes another important matter in recent research. However, the realization
of carbon dioxide electroreduction is still lacking due to practical issues. For instant, the solubility of carbon di-
oxide is low, limiting the reaction rate. Hydrogen evolution is a competing reaction, which often effects the se-
lectivity for a certain Ci-component. Up to date, with the CO2 reduction reaction (CO2RR) requiring highly nega-
tive potentials, which also include overpotentials, the reaction is energy-intensive and therefore economically
not feasible. Electrocatalysts can be used to significantly lower the overpotentials. Among the available materi-
als, nature-inspired NiFe-based sulfides such as Ni2FeSas as structural analogue to the carbon monoxide dehydro-

genase are attractive candidates.



To prepare Ni2FeSs, a novel microwave synthesis was developed: prior to microwave treatment, parts of the
organic solvent were displaced by benzyl mercaptane, which simultaneously acts as sulfur source. The resulting
phase-pure Ni:FeSs nanosheets with specific surface areas of 80 m? g! were applied as electrocatalyst for CO:

reduction from neutral solution, evolving carbon monoxide and molecular hydrogen.



Kurzzusammenfassung

Die Elektrolyse von Wasser in Wasserstoff und Sauerstoff ist eine zukunftstrachtige Technologie zur nachhaltigen
und groRtechnischen Produktion von Brennstoffen. Allerdings ist die elektrochemische Wasserspaltung durch
das hohe Uberpotential der Sauerstoffentwicklung limitiert. Aktuell verwendete Elektrokatalysatoren zur Ernie-
drigung des Uberpotentials, wie IrO2 oder RuQ, basieren jedoch auf dem Einsatz von kostspieligen Edelmetallen.
Daher wird nach Alternativen gesucht, die zum Beispiel NiFe-basiert sein konnen. Solche Materialien, wie etwa
NiFe204 mit Spinellstruktur, kdnnen unter niedrigem synthetischen Aufwand aus giinstigen und gut verfligbaren
Ausgangsstoffen hergestellt werden. Im Laufe der Arbeit werden zwei Strategien vorgestellt, um phasenreine
NiFe204-Nanomaterialien zu synthetisieren: mesopordses NiFe;Os (wéssrige Endotemplatsynthese) und
NiFe20s-Nanopartikel (nicht-wassrige Mikrowellensynthese).

Bei der wassrigen Endotemplatsynthese wird ein strukturgebendes Reagenz, wie das amphiphile Blockcopolymer
Pluronic® P-123, eingesetzt, welches mit den durch Zitronensdure komplexierten Metallnitraten vermischt wird,
um mesoporoses NiFe204 darzustellen. Der Mechanismus der Mesoporenbildung wahrend der darauffolgenden
Kalzinierung wurde zudem im Detail untersucht. Durch verschiedene Untersuchungsmethoden, inklusive Elek-
tronenmikroskopie und Stickstoff-Physisorption, konnte bestatigt werden, dass es sich um hochpordse Struk-
turen mit gut zuganglichen Poren handelt. Die Mesoporen sind im Durchmesser 5-12 nm grof8 und es kénnen
spezifische Oberflichen bis zu 200 m? g* realisiert werden.

Die Mikrowellensynthese zur Praparation von NiFe204-Nanopartikeln basiert auf den Metall-Acetylacetonaten,
die vor der eigentlichen Temperaturbehandlung durch Aufheizen mit Mikrowellenstrahlung in Phenylethanol ge-
I6st werden. Mit dieser Methode kdnnen monodisperse NiFe:0s-Nanopartikel schnell unter niedrigem synthe-
tischen Aufwand mit GréRen von 4-11 nm und spezifischen Oberflichen bis zu 250 m? g produziert werden. Im
Fall solch kleiner Partikel liegt kein thermodynamisch stabiler Zustand vor. Daher weicht die Kationenverteilung
in der Spinellstruktur von der thermodynamisch bevorzugten inversen Besetzung ab, was sich auf den soge-
nannten Inversionsgrad und auf die magnetischen Eigenschaften des Materials auswirkt. Um den Zusammen-
hang von PartikelgroRe, Inversionsgrad und Magnetismus zu untersuchen, wurden Mdssbauerspektren aufge-
nommen und Magnetmessungen durchgefiihrt. Die beiden hergestellten NiFe20s-Nanopulver wurden als Elek-
trokatalysatoren fir die alkalische Wasseroxidation getestet. Unter Beibehaltung der elementaren Zusammen-
setzung wurde der Einfluss von Schlisselfaktoren, wie Morphologie, Kristallinitdt und Inversionsgrad, auf die
Leistungsfahigkeit des Elektrokatalysators untersucht. Die aktivste Probe stellen die 7 nm groRRen NiFe20s-Parti-
kel dar, mit denen das Uberpotential der Sauerstoffentwicklung auf 380 mV gesenkt werden kann. Im Vergleich
dazu betrégt die Uberspannung mit mesoporésem NiFe20s 410 mV.

Weiterhin konnte am Beispiel von MnFe204 festgestellt werden, dass die vorgestellte Mikrowellensynthese auch
fiir andere eisenhaltige Spinelle anwendbar ist.

In Zeiten von steigenden Kohlenstoffdioxid-Konzentrationen in der Erdatmosphare ist die CO»-Elektroreduktion
eine attraktive Methode, um das Treibhausgas in nutzbare synthetische organische Kraftstoffe umzuwandeln.
Solche Ci-Brennstoffe sind zum Beispiel Kohlenstoffmonoxid, Methan, Methanol oder auch Ameisensaure. Die
Elektroreduktion von Kohlenstoffdioxid wird allerdings aus praktischen Griinden noch nicht industriell umge-

setzt. Ein Problem ist die schlechte Loslichkeit von COz in Wasser, wodurch die Reaktionsrate stets niedrig ist.



AuRerdem steht die Elektroreduktion von CO2 bei den bendtigten Potentialen in Konkurrenz zur Entstehung von
Wasserstoff, was sich negativ auf die Produktselektivitat fiir eine bestimmte Ci-Komponente auswirkt. Zudem
sind bei der Elektroreduktion von Kohlenstoffdioxid stark negative Potentiale erforderlich. Durch die zusatzlich
auftretenden Uberpotentiale ist die Reaktion aktuell noch energieintensiv und unrentabel. Auch hier kénnen
Elektrokatalysatoren zur Senkung der Uberpotentiale und zur Selektivititssteuerung eingesetzt werden. Unter
den verfiigbaren Kandidaten sind NiFe-basierte Sulfide interessant, insbesondere das naturinspirierte Ni2FeSa als
strukturelles Analogon der Kohlenmonoxiddehydrogenase.

Um Ni2FeSs herzustellen wurde in dieser Arbeit eine neuartige Synthese entwickelt. Dabei werden die Me-
tallacetyl-Acetonate in einer Mischung aus Phenylethanol und Benzylmercaptan, welches simultan als Schwe-
fel-Quelle dient, geldst, bevor die Losung durch Mikrowellenstrahlung aufgeheizt wird. Die resultierenden
Ni2FeSs-Nanoschichten weisen eine spezifische Oberfliche von 80 m? gt auf und wurden erfolgreich als Elektro-
katalysator in der Reduktion von CO: unter neutralen Bedingungen eingesetzt. Dabei sind Kohlenstoffmonoxid

und molekularer Wasserstoff als Hauptprodukte entstanden.



1. Einleitung

1.1. Motivation

Bis heute basiert die weltweite Energieversorgung auf der Verbrennung von fossilen Energietragern. Hierbei sind
insbesondere die Primarenergietrager Kohle, Erdol sowie Erdgas zu nennen. Abbildung 1 enthdlt eine Graphik
des Unternehmens BP (ehemals British Petroleum), in dem der primare Gesamtenergieverbrauch von 1965 bis
2019 dargestellt ist. Den Daten ist zu entnehmen, dass der weltweite Energiebedarf mindestens seit 1965 stetig
ansteigt und dass die oben genannten Primarenergietrager die Grundlage fiir die Versorgung der Menschheit mit
Energie bilden. In den fossilen Ressourcen sind allerdings groRe Mengen an Kohlenstoff gespeichert, sodass die
Verbrennung die Freisetzung groRer Mengen an Kohlenstoffdioxid (CO2) bewirkt, welches in der Atmosphére als

Treibhausgas fungiert und stark zur menschengemachten globalen Erwdrmung beitragt.!*?

Energy consumption by source, World
Primary energy consumption is measured in terawatt-hours (TWh). Here an inefficiency factor (the 'substitution’

method) has been applied for fossil fuels, meaning the shares by each energy source give a better approximation

of final energy consumption.
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Abbildung 1: Weltweiter Primadrenergieverbauch (in TWh) von 1965 bis 2020 fiir fossile, erneuerbare und nukleare Energie-
trager. Die Graphik basiert auf dem bp Statistical Review of World EnergyB! und wurde von der Internetseite our-

worldindata.org tbernommen mit CC BY 4.0 Lizenz, Copyright (2022) BP.4

Die Dekarbonisierung des Energiesektors ist demnach eine wichtige Aufgabe, um die Konsequenzen des anthro-
pogenen Klimawandels zu beschranken. Dadurch ergibt sich die Notwendigkeit der Energieversorgung mit nach-
haltigen, sauberen und effizienten Techniken. Insbesondere die erneuerbaren Energietrager spielen in diesem

Kontext eine wichtige Rolle: Wasserkraft, Windenergie, Solarenergie, Geothermie und Bioenergie. Abbildung 1



ist weiterhin zu entnehmen, dass der Anteil dieser erneuerbaren Energietrdger bezogen auf die weltweite Ener-
gieerzeugung insbesondere in den 2000er und 2010er Jahren zugenommen hat. Verglichen mit den etablierten
fossilen Energietragern ist der Anteil allerdings noch gering, sodass ein weiterer Ausbau in den kommenden Jah-
ren zwingend erforderlich ist, um die globale Erwdrmung gemiR dem Ubereinkommen von Paris von 2015 zu
beschranken. Das Pariser Klima-Abkommen, das von 195 Vertragsparteien unterzeichnet wurde, legt das Ziel
fest, die globale Erwdrmung auf deutlich unter 2 °C gegeniiber dem vorindustriellen Level zu beschranken.?!

Ein Problem der erneuerbaren Energien ist allerdings, dass einige von ihnen zeitlich und raumlich nicht konstant
verfligbar sind. Insbesondere die Versorgung mit Solar- und Windenergie unterliegt naturgemaR starken
Schwankungen. Abbildung 2 illustriert die Verflighbarkeit dieser beiden erneuerbaren Primarenergietrager be-
zogen auf den Standort Deutschland im Jahr 2020. Die Bereitstellung solarer Energie ist demnach fiir einen fixen
Standort abhangig von der relativen Position der Sonne, ebenso vom Wetter, was zu taglichen und jahreszeit-
lichen Schwankungen fiihrt. Die Windenergie ist ebenso vom vorherrschenden Wetter abhangig, welches sich
stetig andert. Tendenziell steht zudem im Winter mehr Windenergie zur Verfiuigung.

Es kann vorkommen, dass besonders in Zeiten starker Nachfrage, zum Beispiel in der frithen Nacht, nicht genug

Energie vorhanden ist. Allerdings muss auch wahrend dieser Energiespitzen der Bedarf sicher abgedeckt werden.

a) Wind onshore + offshore gesamt b):  seo
—Sonne
~Wind und Sonne

—10.12.2020 Summe 8,5 GWh

8000 —18.12.2020 Summe 46,3 GWh 01.06.2020

1000

01.06.2020 Summe 290,4 GWh
7.000

6.000
5.000

4.000

3000 18.12.2020

’ i I P T 1000
200 ﬂ.\’\({:‘{‘mﬂml‘-lw |1‘f WW ‘va i “V‘V\‘rﬁ\'ﬁ,fﬂﬂlw , A

e (M
o MM NV '

Produzierter Solarstromin MWh /15min

Stromproduktionin GWh / Tag

T YIS
. FSELLLLSL LSS S S S SS
UM\ FFFF I LTSS I ITF S E
W VA

>

)
P S
R >y

&y o o

Qatien, e Togemre 5485 Zeit

01.01.2020 15.02.2020 01.04.2020 16.052020 01.07.2020 15.082020 30.09.2020 14.11.2020 30.12.2020

Abbildung 2: (a) Tagessummen der Stromproduktion aus Windenergie (griin) und Solarenergie (blau) im Jahr 2020 fir
Deutschland abhéangt. (b) 15-Minuten-Summen der Stromproduktion aus Solarenergie am 01.06.2020 (griin), 10.12.2020
(blau) und 18.12.2020 (rot). Aus den Abbildungen wird ersichtlich, dass die Stromproduktion aus diesen erneuerbaren Ener-
gietragern stark von der Jahreszeit, Tageszeit und auch von der Wetterlage abhdngt. Die Daten stammen von der Bundes-
netzagentur mit CC BY 4.0 Lizenz, Copyright (2021) Bundesnetzagentur!®l. Die Abbildungen wurden Gbernommen von der

Internetseite nablaenergy.de mit Genehmigung, Copyright (2021) Harry Schile.!”!

Daher ist es nétig, die durch erneuerbare Techniken gewonnene Energie zwischenzuspeichern. Hierflir wurden
in den letzten Jahrzehnten verschiedene Losungen entwickelt. Die Zwischenspeicher, die englisch auch als
power-to-X bezeichnet werden, kénnen grob in vier Kategorien eingeteilt werden: thermisch, mechanisch, che-
misch und elektrochemisch.® Ein prominentes Exempel stellt die elektrochemische Speicherung von Energie dar,
zum Beispiel in einem Akkumulator. In einem Pumpspeicherkraftwerk wird beispielsweise elektrische in poten-
tielle Energie umgewandelt, was ein Beispiel fir die mechanische Energiezwischenspeicherung darstellt. Bei der
thermischen Methode wird die Primarenergie in Warmeenergie umgewandelt, welche effektiv Giber langere

Zeitraume gespeichert werden kann. Bei Bedarf kann die zwischengespeicherte Energie dann abgerufen werden.



Der Fokus dieser Arbeit liegt hingegen auf der chemischen Energiespeicherung in Form von Wasserstoff, welcher
direkt aus Wasser hergestellt werden kann mit Sauerstoff als Nebenprodukt, oder weiteren synthetischen
Kraftstoffen, welche direkt aus Kohlenstoffdioxid erzeugt werden. Dabei wird Primdrenergie aus nachhaltigen
Energiequellen dazu genutzt, um Strom zu erzeugen und elektrochemische Reaktionen, wie die Zerlegung von
Wasser in die Elemente Sauerstoff und Wasserstoff oder die Reduktion von Kohlenstoffdioxid zu organischen
Brennstoffen, zu ermdglichen. Die gewonnenen chemischen Energiespeicher kdnnen liber ldngere Zeitrdume
gelagert werden und bei Bedarf wieder verbrannt beziehungsweise verstromt werden, um Energiespitzen, zum

Beispiel am Abend, sicher abzudecken.

1.2. Chemische Energiespeicherung

Auf dem Gebiet der chemischen Energiespeicherung gilt vor allem Wasserstoff als Energietriager der Zukunft.”’
Unter Normalbedingungen liegt Wasserstoff als molekulares Gas (Hz) vor. Wasserstoff ist kein primarer Ener-
gietrager, das heilSt, H2 muss zunachst aus Primarenergie hergestellt werden. Der hergestellte Wasserstoff wird
dann als nachhaltig oder ,griin” bezeichnet, wenn er mithilfe von erneuerbaren Energien gewonnen wurde. Was-
serstoff ist aufgrund der hohen gravimetrischen Energiedichte von circa 33 kWh kg? ein exzellenter Ener-
giespeicher. Im Vergleich dazu weist Rohél einen vergleichsweise niedrigen Wert von 12 kWh kg auf.*”! Zu be-
merken ist, dass Wasserstoff als sehr leichtes Gas unter Normalbedingungen eine geringe Dichte von
p =0,9 kg m™ besitzt,*! was eine vergleichsweise geringe volumenbezogene Energiedichte zur Folge hat. Zur
Erhéhung der volumetrischen Energiedichte kann Wasserstoffgas auch verfliissigt werden (p = 71 kg m3).12 |m
flissigen Zustand wird H2 zum Beispiel als Raketentreibstoff verwendet. Wasserstoff ist geeignet fur die Lang-
zeitspeicherung (Wochen bis Monate), wobei die Lagerung sowohl im kleinen als auch im groRen Malstab
méglich ist, so wird H» als Gas bereits heute in industriellen Mengen in Salzkavernen gespeichert.!*3 Zur Nutzung
kann Wasserstoff erneut verstromt werden, aber auch die Verwendung als Kraftstoff flir Brennstoffzellen-be-
triebene Transportmittel ist bereits realisiert.[**) Die konventionelle Gewinnung von Wasserstoff erfolgt seit den
1920er Jahren durch die Dampfreformierung (englisch steam reforming) von kohlenstoffhaltigen Energietragern
und Wasser.[**! Bei dem Verfahren werden allerdings Treibhausgase freigesetzt, weshalb alternative Verfahren
zur Gewinnung von Wasserstoff erforscht werden. Méglichkeiten sind die Erzeugung von H; aus Biomasse oder
die Elektrolyse von Wasser. Bei der elektrochemischen Zersetzung von Wasser kann Strom, gewonnen aus erneu-
erbaren Priméarenergietragern, eingesetzt werden, was die Emissionen an CO2 bei dem Verfahren auf ein Mini-
mum reduziert. Fir die industrielle Nutzung der Wasserelektrolyse muss jedoch das Problem der hohen Ener-
gieverluste gelost werden. In der Theorie muss fiir die Zerlegung von Wasser unter Normalbedingungen eine
Spannungsdifferenz von 1,23 V aufgebracht werden, was einer freien Reaktionsenthalpie von + 237 kJ mol?
entspricht. Allerdings liegt die tatsdchlich benétigte Spannung aufgrund von kinetischen Effekten im Bereich von
2 V mit Beitrdagen von beiden beteiligten Halbreaktionen: die Reduktion von Wasser zu Wasserstoff und die Oxi-
dation zu Sauerstoff. Die Differenz von tatsachlich bendtigter Spannung und dem Theoriewert wird auch als
Uberspannung bezeichnet. Es wird dementsprechend mehr Energie zur Produktion von Sauerstoff und Wasser-

stoff wihrend der Wasserelektrolyse benétigt, als diese zu speichern in der Lage sind. Eine Uberspannung senkt



also die Effizienz der Speichermethode. Aktuell wird an der Reduktion dieser Uberspannungen durch die Ver-
wendung von entsprechenden Elektrokatalysatoren fiir beide Halbreaktionen geforscht, die allerdings effektiv
und giinstig verfiigbar sein miissen, um die Wirtschaftlichkeit des Verfahrens zu garantieren.l*! In der
vorliegenden Arbeit wird daher ein potentieller Elektrokatalysator fiir die kinetisch stark gehinderte Wasseroxi-
dation nadher beleuchtet: Nickelferrit (NiFe20a4). Es werden Strategien aufgezeigt, wie die Leistungsfahigkeit eines
Elektrokatalysators fiir die Oxidation von Wasser wirksam optimiert werden kann.

Wasserstoff ist ein sogenannter synthetischer Kraftstoff: als solche werden allgemein Brennstoffe bezeichnet,
die nicht mit Rohél oder Erdgas als Rohstoff produziert wurden.!”! Eine weitere Strategie zur Gewinnung von
solchen hochenergetischen Molekilen ist die Nutzung von atmosphéarischem Kohlenstoffdioxid (COz) als
Rohstoff. Zur Erzeugung von synthetischen organischen Brennstoffen, wie zum Beispiel Kohlenstoffmonoxid
(CO), Methan (CH4) oder Methanol (CHsOH), muss das chemisch weitestgehend inerte Kohlenstoffdioxid-Molekdl
zunachst reduziert werden, was einen externen Energieeintrag erfordert. Eine Mdglichkeit zur Verwertung von
CO: ist die Reduktion mit Elektrizitdt, an der seit mehr als einem Jahrhundert geforscht wird.[*8! Allerdings hat
sich eine derartige Technologie aus verschiedenen Griinden bisher noch nicht etabliert. Zum einen erfordert die
elektrochemische Reduktion von chemisch stabilem CO2 das Anlegen von stark negativen Potentialen, sodass
sich die benétigte Potentialdifferenz, je nach ablaufender Reaktion, ohne Betrachtung der Uberpotentiale zu
circa 1,0-1,5V ergibt. Ein exakter Potentialwert ist nicht anzugeben, da verschiedene Reaktionen mdglich sind,
die zudem zu unterschiedlichen Reaktionsprodukten fithren.**! Die in der Praxis auftretende kinetische Hem-
mung fiihrt wie bei der Wasserelektrolyse dazu, dass beidseitig Uberpotentiale auftreten und sich die benétigte
Spannung auf 2 2 V erhdht. Dadurch ist die CO2-Reduktion aktuell noch nicht wirtschaftlich, da groBe Mengen an
Energie bendtigt werden.?% Die Uberspannung kann durch die Verwendung von Elektrokatalysatoren gesenkt
werden. In dieser Arbeit wird der an die Natur angelehnte Elektrokatalysator Nickeleisensulfid (Ni2FeSs), der wie
die Kohlenmonoxiddehydrogenase (CODH) die Elemente Nickel, Eisen und Schwefel enthalt, fiir die elektroche-
mische Reduktion von COz verwendet. Als Hauptprodukte entstehen hierbei Wasserstoff und Kohlenstoffmono-
xid (CO). Bei dem erforderlichen Potential steht die CO2-Reduktion in direkter Konkurrenz zu der Reduktion von
Protonen.!?!! Ein weiteres Problem ist die geringe Loslichkeit von Kohlenstoffdioxid in Wasser, was niedrige Reak-
tionsraten zur Folge hat.”2 AuRerdem fiihrt die Reduktion von CO: zu verschiedenen organischen Reak-
tionsprodukten, wodurch es schwierig ist, ein Molekiil selektiv herzustellen. Die Selektivitdt kann aber zum Teil

durch die Auswahl des Elektrokatalysators gesteuert werden. 23!

2. Theoretischer Hintergrund

2.1. Eisen-basierte Spinelle

2.1.1. Kristallstruktur

Spinelle sind anorganische Verbindungen mit der allgemeinen Summenformel MZ,X4.?*! In der Regel stehen M
und Z fiir divalente beziehungsweise trivalente Kationen, wahrend X Chalkogenid-Anionen reprasentiert. Spi-
nellferrite sind Fe3*-enthaltende oxidische Spinelle, die durch die Summenformel MFe204 beschrieben werden
kénnen, wobei M fiir divalente Metallkationen steht, wie zum Beispiel Mn?*, Fe?*, Co?*, Ni?*, Cu®* oder Zn?". Die
0% -Anionen bilden eine kubisch-dichteste Packung (englisch cubic-close packed, ccp). Die M?*- und Fe3*-Kationen
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besetzen in dieser Struktur die Tetraeder- (A) und Oktaederliicken (B). Folglich besteht die kubische Einheitszelle
aus ingesamt 56 Atomen: 32 O?-Anionen, 8 A-Kationen und 16 B-Kationen (Raumgruppe Fd3m, Nummer 227).
Die Kristallstruktur ist in Abbildung 3 beispielhaft fliir NiFe204 gezeigt. In der Spinellstruktur kdnnen die individu-
ellen Kationen A- oder B-Pldtze besetzen, was von den lonenradien und der jeweiligen Ligandenfeldstabilisie-
rungsenergie abhingt. In einem normalen Spinell, wie beispielsweise ZnFe0s, besetzen die Fe3*-Kationen Ok-
taederplitze und Zn?*-Kationen bevorzugen die Tetraederplitze. Die Oktaederplitze sind insgesamt zu 50 % be-
setzt, wahrend auf 12,5 % der Tetraederplatze Kationen zu finden sind. Im Fall von NiFe204 liegt eine veranderte
Kationenverteilung vor, da Ni**-Kationen bevorzugt B-Plitze besetzen. Als Konsequenz besetzt die Hilfte der
Fe3*-Kationen dann A-Liicken, was als inverser Spinell bezeichnet wird.[? Die Kationenverteilung wird charak-
terisiert durch den Inversionsparameter A, der durch die Notation [M1-22*Fea>* A [Ma2*Fe2-13*]80. definiert ist. Drei
Falle kbnnen unterschieden werden: normaler Spinell (A = 0), inverser Spinell (A = 1) und partiell inverser Spinell
beziehungsweise Mischspinell (0 < A < 1).2! Inversionsgrade werden experimentell tiblicherweise mittels Neu-
tronendiffraktion, Rontgenabsorptionsspektroskopie, Méssbauerspektroskopie oder magnetischen Messungen

bestimmt.[26:27)

Abbildung 3: Kristallstruktur des inversen Spinells NiFe;04 (A = 1). Die O2-Anionen (rot) bilden eine kubisch-dichteste Pa-
ckung. Die Hilfte der Fe3*-Kationen (griin) befindet sich in Oktaederliicken (orange), wéhrend die andere Halfte (blau) Tetra-

ederlicken besetzt (magenta). Die Ni2*-Kationen (gelb) befinden sich alle in Oktaederliicken.

2.1.2. Magnetische Eigenschaften

Die meisten Spinellferrite zeigen eine Reaktion auf ein extern angelegtes magnetisches Feld. Daher stellen solche
Spinellferrite eine Gruppe von interessanten magnetischen Materialien dar, die fiir eine Reihe von Anwendungs-
feldern geeignet sind. Sie finden etwa in der Biomedizin,'?®! Katalyse,?®! Spintronik,® Magnetresonanztomo-
graphie (MRT)BY oder Ferrofluid-Technologie Verwendung.?? Fiir das Verstindnis der magnetischen Eigen-
schaften von Spinellferriten ist der Elektronenspin, oft als Spin abgekiirzt, von fundamentaler Bedeutung. Der
Spin ist mit der Spinquantenzahl s verkniipft und kann die Werte +1/2 und -1/2 annehmen. Das magnetische
Moment ist ein MaR fiir die Wirkung beziehungsweise Richtung der Spins der Elektronen. Die makroskopische
Magnetisierung eines Festkorpers im externen Feld hangt stark mit der Ausrichtung der einzelnen magnetischen
Momente zueinander (Kopplung) zusammen. Bei diamagnetischen Materialien sind die Atomschalen gefiillt und

die jeweiligen magnetischen Momente heben sich gegenseitig auf, das heilt, es existieren gar keine ungepaarten
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Spins.33 Wenn magnetische Momente vorliegen, die aber nicht zueinander gekoppelt sind und auch keine Fern-
ordnung vorliegt, wird von Paramagnetismus gesprochen. Die im Folgenden beschriebenen Spinkopplungen sind
in Abbildung 4a schematisch dargestellt. Beim Ferromagnetismus liegen parallel ausgerichtete magnetische Mo-
mente vor, die sich in ihrer GréRenordnung nicht voneinander unterschieden. Eine solche Anordnung liegt zum
Beispiel in Materialien mit einer kristallinen Struktur vor, welche die direkte Kopplung der magnetischen Mo-
mente erlaubt. Ferromagnete kdnnen sich spontan ohne ein extern angelegtes Feld ausrichten. Antiferromag-
netismus liegt vor, wenn die einzelnen Momente in ihrer Ausrichtung alternieren, aber sich in ihrer GréRenord-
nung nicht voneinander unterscheiden. Dadurch ist die Magnetisierung ohne ein extern angelegtes Magnetfeld
beim Antiferromagnetismus gleich Null. Die Spinausrichtung beim Ferrimagnetismus ist vergleichbar, jedoch
heben sich die Einzelspins gegenseitig nicht vollstdndig auf. Eine derartige Situation liegt exemplarisch in
Kristallen mit zwei unterschiedlichen ferromagnetischen Untergittern vor. Ein solches Verhalten kann zum
Beispiel in vielen Spinellferriten wie Magnetit (Fes04) oder Nickelferrit (NiFe204) beobachtet werden und wird
auch als Néel-Typ bezeichnet.*3% Fiir den Fall von zwei beteiligten Kationen liegen in den jeweiligen A- und
B-Untergittern parallel ausgerichtete nicht-identische magnetische Momente vor, was einer ferromagnetischen
Ordnung beider Untergitter entspricht. Beide Ferromagnete sind zueinander antiparallel angeordnet, I6schen
sich allerdings nicht gegenseitig, da es mehr B- als A-Kationen gibt. Die beschriebene Situation entspricht final
einer ferrimagnetischen Anordnung®®3”! und ist in Abbildung 4b fiir die Félle A = 0 und A = 1 schematisch gezeigt.
Die Wahl der Kationen im Spinellsystem und die Kationenverteilung auf Tetraeder- und Oktaederplatze hat dem-

entsprechend einen signifikanten Einfluss auf das magnetische Verhalten des Materials.3®

a) b)

M2+ [Fe3* Fe¥* 0,

A B
A J A J A J A J I’_J—‘ ’—l—‘

St 1o

Fe3* [M2+ Fe3*] 0427

Abbildung 4: (a) Verschiedene Auspragungsformen des Magnetismus mit jeweiliger Spinorientierung: Ferromagnetismus
(oben), Antiferromagnetismus (mitte) und Ferrimagnetismus (unten). (b) Spinanordnung in normalen (oben) und inversen
(unten) Spinellen. Voraussetzung fir die dargestellte Situation ist, dass zwei Kationen mit ungepaarten Elektronen vorliegen.
In beiden Untergittern bildet sich eine ferromagnetische Ordnung aus. Die antiparallele Ordnung dieser fiihrt zum Ferrima-

gnetismus. Beides adaptiert von Chem. Eng. J. 2007 mit Genehmigung, Copyright (2006) Elsevier.[38!



2.1.3. Eisenoxid- und Eisensulfid-basierte Spinelle

Im folgenden Abschnitt sollen die in dieser Arbeit behandelten Eisen(lll)oxid- und Eisen(lll)sulfid-basierten Spi-
nelle (NiFe204, MnFe20a, Ni2FeSa) hinsichtlich ihrer Struktur und ihrer Eigenschaften ndher beschrieben und po-
tentielle Anwendungen thematisiert werden. Die genannten Spinelle wurden mittels verschiedener Methoden
in unterschiedlicher Morphologie mit jeweils hoher spezifischer Oberflachen hergestellt: mesopordses NiFe20a,

nanopartikuldres NiFe204, nanopartikuldres MnFe204 und Ni2FeSs-Nanoschichten.

2.1.3.1. NiFe204

Im thermodyamisch stabilen Bulk-Zustand besitzt Nickelferrit (NiFe204, Mineralname Trevorit) eine inverse Spi-
nellstruktur, in der Ni?*-Kationen B-Plitze besetzen und sich die Fe**-Kationen gleichmaRig auf A- beziehungs-
weise B-Platze verteilen (A = 1). Die Halfte der sich im high spin-Zustand, der Konstitution mit der groRtmaoglichen
Anzahl an ungepaarten Elektronen, befindlichen ferromagnetisch geordneten Fe3*-Kationen mit einer 3d° Elek-
tronenkonfiguration besitzen folglich eine tetraedrische Koordination, was einem theoretischen magnetischen
Sattigungsmoment von ugs = 5,9 entspricht. Die Vielfache des Bohrschen Magnetons us beschreiben den Betrag
eines magnetischen (Teil-)moments und sind demnach ein MaR fiir die Starke der magnetischen Austauschwech-
selwirkung. Vom Sattigungsmoment wird dann gesprochen, wenn sich das System im Gleichgewicht befindet.
Die B-Plitze werden von der anderen Hilfte der Fe3*-Kationen eingenommen (us = 5,9) sowie von den ebenfalls
ferromagnetisch geordneten 3d® Ni**-Kationen (us =2,8). Durch die ferrimagnetische Kopplung beider Un-
tergitter (Néel-Konfiguration)! ergibt sich fiir NiFe204 eine theoretisches magnetisches Sattigungsmoment von
2,8 us pro Formeleinheit.*® Im Experiment wurden leicht niedrigere Werte im Bereich von 2,2-2,3 us pro For-
meleinheit beobachtet.l***? Allerdings kann der Inversionsgrad fiir einige Spinelle wie NiFe204 im Fall einer
Strukturierung auf der Nanoebene variieren, wie von Sepelék et al. beschrieben.*3

Solche NiFe204 Mischspinelle mit Inversionsgraden von 0 < A < 1 zeichnen sich durch verdanderte Materialcharak-
teristika aus, was auch die magnetischen Eigenschaften betrifft. Durch die verdnderte Kationenverteilung ergibt
sich auch ein abweichendes magnetisches Moment. Fir den Grenzfall der vollstandig normalen Spinellstruktur
(A = 0) resultiert fiir NiFe204 ein hypothetisches magnetisches Moment von s = 8,9.144 Fiir Mischspinelle werden
deshalb magnetische Momente erwartet, die zwischen den beschriebenen Extrema liegen. Die Nanostrukturie-
rung bietet deshalb im Fall solcher Verbindungen oftmals die Moglichkeit, durch die Modifizierung des Inver-
sionsgrades die magnetischen Eigenschaften des Materials hinsichtlich einer bestimmten Anwendung zu opti-
mieren. Allerdings ist zu beobachten, dass die PartikelgroRe im Fall der Nanostrukturierung nicht mehr ver-
nachlissigt werden kann, da Oberflacheneffekte unter anderem die Spinausrichtung beeinflussen.**! Der Einfluss
von Nanostrukturierung auf die magnetischen Eigenschaften von NiFe204 wird in dieser Arbeit anhand von gro-
Reneinstellbaren Nanopartikeln demonstriert.

Wie die meisten Ferrite ist NiFe204 gegeniiber Sduren instabil, jedoch im Neutralen und Alkalischen stabil.!¢!
NiFe204 ist als glinstig und einfach herzustellendes Material interessant fiir die heterogene Katalyse, wobei insbe-
sondere die Elektrokatalyse und im Speziellen die Elektrolyse von Wasser in Wasserstoff und Sauerstoff zu

erwahnen ist. Durch die Inkorperation von zwei redoxaktiven Metallen wie Nickel und Eisen ergeben sich zudem



exzellente elektrochemische Eigenschaften. Die Oxidation von Wasser zu Sauerstoff wird aktuell zumeist im Al-
kalischen durchgefiihrt und erfordert die Verwendung von Elektrokatalysatoren, welche die benétigte Elektro-
lysespannung manipulieren, was die Wirtschaftlichkeit der Reaktion garantiert und die Einsparung von grofRen
Energiemengen erméglicht.*”) Die Grundlagen einer elektrokatalytischen Reaktion werden im spiteren Verlauf
der Arbeit ndher diskutiert. NiFe204 ist ein geeignetes Material um die momentan genutzten Edelmetall-ba-
sierten Elektrokatalysatoren RuO2 und IrO> fiir die alkalische Wasseroxidation zu ersetzen.*®! Die Verwendung
eines Materials als Elektrokatalysator erfordert allerdings eine hohe elektrische Leitfahigkeit. In anderen Worten
sollte das Material elektrischen Strom leiten kénnen, was intrinsisch fiir Bulk-NiFe20a4 nicht gegeben ist.[*! Eine
mogliche Losung um diesen Nachteil entgegenzuwirken ist die Verkiirzung der Ladungstragerwege durch Nano-
oder Mesostrukturierung, wobei durch die daraus resultierende Oberflaichenerhéhung auch die Anzahl der ak-
tiven Zentren signifikant erhéht wird. Daher stellt die alkalische Wasseroxidation auch eine Modellreaktion dar,
um die Auswirkung der Oberflachenstrukturierung auf die elektrokatalytische Aktivitdt zu untersuchen. Dabei
wurde in dieser Arbeit mesopordses und nanopartikulares NiFe204 dargestellt und die Auswirkung verschiedener
Parameter wie Porengrofe, PartikelgrofRe und Kristallinitat auf die elektrokatalytische Aktivitat in der alkalischen
Wasseroxidation untersucht.

Die vielversprechenden Eigenschaften, wie zum Beispiel die gute chemische Stabilitdt, der Magnetismus, die Ma-
nipulierbarkeit der Kristallstruktur, die Inkorperation von zwei redoxaktiven Ubergangsmetallen und die gute
Verfugbarkeit von NiFe204 ermoglichen zudem die ErschlieBung weiterer Anwendungsfelder, wobei an dieser
Stelle beispielhaft die Photokatalyse und die Gassensorik zu nennen sind. Beispielsweise berichten Rekhila et al.
tiber die Anwendung von NiFe204 mit einer optischen Bandliicke von 1,6 eV in der photokatalytischen Wasser-
stoffentwicklung im sichtbaren Licht.® Jia et al. zeigen anhand der Detektion von Acetondampf weiterhin, dass

NiFe204 auch als Material fiir die Gassensorik geeignet ist.>!

2.1.3.2. MnFe;04

Bei Manganferrit (MnFe204, Mineralname Jakobsit) handelt es sich im Bulk-Zustand um einen sogenannten par-
tiell inversen Spinell oder Mischspinell mit einem Inversionsgrad A = 0,19 nach Hastings und Corliss.!*?! Damit
befinden sich insgesamt 81 % der zweiwertigen Mangankationen und 10 % der dreiwertigen Eisenkationen auf
Tetraederplitzen. Die restlichen 19 % an Mn?* und 90 % an Fe®* sind auf Oktaederplitzen lokalisiert. Auch im Fall
von Manganferrit kann der Inversionsgrad zum Beispiel durch die partielle Oxidation von Mn?* zu Mn3* modifi-
ziert werden, was dann zwangslaufig auch zur Einfihrung von Vakanzen fiihrt, um die Ladungsneutralitat zu ge-
wihrleisten.®3 Eine Abhingigkeit von Inversionsgrad und PartikelgréRe ist hingegen bei MnFe;04 in der Literatur
umstritten. 5

Beide inkorperierten Metallkationen (Mn?* und Fe3*) zeichnen sich durch eine 3d° Elektronenkonfiguration aus.
Dies hat zur Folge, dass MnFe204 im Bulk-Zustand ein vergleichsweise hohes magnetisches Sattigungsmoment
von 3 us fiir eine normale Kationenbesetzung beziehungsweise 5 us fiir den inversen Fall aufweist.>* Die Realitat
liegt zwischen diesen beiden Extrema, was berichtete experimentelle Werte von 3,3-4,5 us pro Formeleinheit
belegen.>®°81 Damit weist MnFe20a verglichen mit NiFe204 (2,2-2,3 us)***? und MgFe20a4 (1,1-1,4 us)*°Y ein

deutlich héheres und mit Fe30s (3,7-3,9 us)®2%% und CoFe20s (3,6-4,0 ug)“>®>%% vergleichbares Sattigungsmo-



ment auf. Der Vergleich zeigt auch auf, dass die magnetischen Eigenschaften von Spinellferriten stark von der
Wabhl des divalenten Kations abh&dngen.

Manganferrit kann aus einfach aus gut verfligbaren Rohstoffen hergestellt werden. Die bemerkenswerten che-
mischen Eigenschaften, die denen von NiFe204 dhneln, ermoglichen die Verwendung des Materials fiir eine Viel-
zahl von relevanten Anwendungen. Beispielhaft erneut die elektrokatalytische Wasseroxidation im alkalischen

Medium zu nennen.®”8] MnFe,04 wird, wie andere Ferrite auch, als zukiinftiges Batteriematerial diskutiert.[®”

2.1.3.3. NizFeS,

Die Eisen-basierten Spinelle sind nicht auf oxidische Materialien beschrdankt — es existiert unter anderem eine
Reihe von sulfidischen Spinellen beziehungsweise Thiospinellen, wie zum Beispiel das bindre Magnetit-Analogon
FesSal™® oder die terniren Verbindungen CraFeSs, Mn2FeSas, CozFeSs und NizFeSs.’272! Selbst Eisen-enthaltende
Selenospinelle sind bekannt, unter anderem das von Kim et al. beschriebene FexCui-xRh2Ses.l”3!

Vom oben ausfiihrlich beschriebenen NiFe204 leitet sich der Thiospinell Ni2FeSs ab, auch bekannt als Mineral
Violarit. Im Vergleich zum Nickelferrit sind die Oxidationsstufen der Ni- und Fe-Kationen vertauscht, das heif3t,
dass Ni als dreiwertiges und Fe als zweiwertiges Kation vorliegt. In der kubisch-dichtesten Packung der S?~-An-
jonen besetzen die Fe?*-Kationen Oktaederplatze (B), wahrend die Ni3*-Kationen jeweils zur Hilfte auf Tetraeder-
platze (A) und Oktaederplatze verteilt sind. Dies entspricht einer inversen Spinellstruktur, was in der Literatur
durch theoretische Rechnungen und experimentelle Studien belegt ist.’475 Damit enthilt der beschriebene Thio-
spinell Fe?*-Kationen mit 3d® Elektronenkonfiguration, wihrend Ni3* eine 3d” Konfiguration aufweist. Folglich
tragen beide Kationen mit ungepaarten Elektronenspins bei, was ahnlich wie bei den oxidischen Spinellen
NiFe204 und MnFe204 zu einer ferrimagnetischen Gesamtkopplung fiihren dirfte. Die magnetischen Eigenschaf-
ten des Materials sind allerdings noch nicht im Detail untersucht worden.

Aus dem von Pring et al. veréffentlichten Phasendiagramm des Fe-Ni-S-O Systems (Abbildung 5) wird deutlich,
dass Nickeleisensulfide wie Violarit tendenziell eher im Sauren beziehungsweise Neutralen stabil sind, jedoch
nicht im Alkalischen.[*®! Im Gegensatz dazu ist die oxidische Verbindung NiFe,04 weniger stabil gegeniiber Siuren.
Dies flihrt dazu, dass eine Anwendung von NizFeSa in der alkalischen Wasseroxidation nicht sinnvoll ist, womit
unter diesen speziellen Bedingungen kein direkter Aktivitatsvergleich zwischen Oxid und Sulfid moglich ist.

Es ist bekannt, dass die Kohlenmonoxiddehydrogenase (CODH), welche Kohlenstoffdioxid (CO2) enzymatisch zu
Kohlenstoffmonoxid (CO) reduziert, als aktive Zentren [Ni-4Fe-5S] Cluster enth&lt.’®! Aus diesem Grund testeten
Piontek et al. das nickel-, eisen- und schwefelhaltige Mineral Pentlandit (NissFeassSs) in der elektrokatalytischen
Reduktion von COz zu CO, wobei als Nebenprodukt auch Methan (CHa) entsteht. Speziell in protischen Losungs-
mitteln, wie zum Beispiel Wasser, steht die CO2-Reduktion in Konkurrenz zur Reduktion von Protonen zu H,.[”!
Yamaguchi et al. haben gezeigt, dass Ni2FeSs-basierte Materialien dazu in der Lage sind, CO2 elektrochemisch zu
reduzieren.’® AuBerdem weisen die sulfidischen Materialien verglichen mit dem jeweiligen Oxid oft eine er-
héhte intrinsische Leitfahigkeit auf,”®! was fiir die Anwendung in der Elektrokatalyse vorteilhaft sein kann.
Daher wurde in dieser Arbeit ebenfalls die elektrokatalytische CO2-Umwandlung als Testreaktion fiir die herge-
stellten reinen Ni2FeSs-Nanoschichten ausgewahlt. Anwendungen fiir solche Ni>FeSs-Thiospinelle sind in der Li-

teratur nur wenige beschrieben. Neben der genannten Anwendung in der Elektrokatalyse sind hierbei der photo-



katalytische Abbau von Methylenblau und Rhodamin B zu erwahnen, ebenso die Nutzung fiir Superkondensa-

toren und die Glucose-Sensorik.[8%-82
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Abbildung 5: Stabilitatsdiagramm des Fe-Ni-S-O Systems in Abhangigkeit der Fugazitdten von Sauer- (O;) sowie Wasserstoff
(H2) und des pH-Wertes. Die Nickeleisensulfide Violarit (NizFeSs) und Pentlandit (NissFe45Ss) sind tendenziell eher im sauren
Medium stabil. Im stark sauren Milieu kénnen auch geldste Ni2*-Kationen vorliegen. Nickeleisenoxid (Trevorit, NiFe,04) ist
dagegen eher im Neutral und Alkalischen bestandig. Unter stark alkalischen Bedingungen kénnen auch Heazlewoodit (NisS;)
und metallisches Nickel bestehen. Adaptiert von Regolith 2005 mit Genehmigung, Copyright (2005) Allan Pring!46l unter Be-

rucksichtigung der Daten von Hydrometallurgy 1996 mit Genehmigung, Copyright (1996) Elsevier B.V.[83]

2.2.  Elektrokatalyse

Die Elektrokatalyse ist eine Unterkategorie der heterogenen Katalyse und beschreibt allgemein die Reduktion
von Aktivierungsenergien elektrochemischer Reaktionen an Elektrodenoberflachen (Abbildung 6). Damit eine
elektrochemische Halbreaktion, wie zum Beispiel die Oxidation von Wasser, tGberhaupt ablaufen kann, ist das
Anlegen eines charakteristischen Redoxpotentials notwendig, welches sich aus der Thermodynamik ergibt. Das
Redoxpotential beschreibt die benodtigte Potentialdifferenz, gemessen unter Standardbedingungen, damit die
elektrochemische Reaktion gerade so ablaufen kann. In der Praxis ist die bendtigte Spannung aus kinetischen
Grinden meist hoher als das Redoxpotential der entsprechenden Halbzellenreaktion. Die Differenz wird als
Uberspannung bezeichnet. Ein Elektrokatalysator verringert die Uberspannung einer bestimmten Halbreaktion
signifikant.®#% Dadurch kann in der Praxis die erforderliche Energiemenge minimiert werden, die notwendig ist,

um die elektrochemische Reaktion durchzuftihren.
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Abbildung 6: Potentialdiagramm fiir eine endergonische elektrochemische Reaktion, wie zum Beispiel die Protonenreduktion
in der Wasserspaltung. Die Aktivierungsbarriere (schwarzer gestrichelter Pfeil) kann durch die Verwendung eines Elektroka-
talysators erheblich gesenkt werden (roter gestrichelter Pfeil). Dies macht sich durch eine geringere notwendige Uberspan-
nung bemerkbar, was einer signifikanten Energieeinsparung entspricht. Adaptiert von J. Mater. Chem. A 2015 mit Genehmi-

gung, Copyright (2015) Royal Society of Chemistry. (8]

2.2.1. Wasserelektrolyse

Unter Wasserelektrolyse wird die Spaltung von Wasser in die gasférmigen Elemente Oz und Hz durch elektrische
Energie verstanden (Gleichung 1). Die Idee der Wasserzerlegung mit Strom wurde bereits im spaten 18. Jahrhun-
dert von van Troostwijk und Deimann beschrieben.®® Durch die Methode kann potenziell griiner Wasserstoff

gewonnen werden, sofern der verwendete Strom COz-neutral gewonnen wurde, zum Beispiel aus Solarenergie.

H20 —» H2+1/2 02 (1)

Mit einer positiven freien Reaktionsenthalpie von +237 kJ/mol unter Standardbedingungen handelt es sich um
eine endergonische Reaktion, die somit ohne externen Energieeintrag nicht ablduft. Die benétigte Potentialdif-
ferenz fiir die Wasserelektrolyse ergibt sich ohne Betrachtung der Uberpotentiale zu +1,23 V. Die Wasserelektro-
lyse umfasst zwei Teilreaktionen — die Reduktion von Protonen zu Wasserstoff (englisch hydrogen evolution re-
action, HER) und die Wasseroxidation zu Sauerstoff (englisch oxygen evolution reaction, OER).[”! Die HER ist
dabei eine einfache Reaktion und erfordert nur einen Zwei-Elektronen-Ubertrag. Bei der OER werden dagegen
vier Elektronen sowie vier Protonen lbertragen und zusatzlich eine O—O Bindung geknipft, wodurch die OER
kinetisch vergleichsweise stark gehindert ist, was einem relativ hohen Uberpotential entspricht.’3%% Wie bereits
angesprochen, verursacht ein zu hohes Uberpotential im industriellen MaRstab enorme Energiekosten, was zur

Unrentabilitdt der Wasserelektrolyse flihren wiirde.
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Zur praktischen Umsetzung der Wasserelektrolyse ist zudem ein Separator notwendig, der Kathoden- und An-
odenraum voneinander trennt, damit sich die entstehenden Gase nicht vermischen kénnen. Ein lonenaustausch
muss hingegen gewahrleistet sein, da ein Ladungsausgleich erfolgen muss. Prinzipiell kann die Wasserelektrolyse
bei jedem pH-Wert durchgefiihrt werden. In sauren Elektrolyten kann die Wasserelektrolyse dann durch die Glei-

chungen 2a und b beschrieben werden.

2H30"+2e — Hx+2H:0 (2a)
3H0—> 1/202+2H0"+2 e (2b)

Im Fall der alkalischen Wasserelektrolyse gelten Gleichungen 3a und b.

2H0+2e — Hx+20H (3a)
20H > 1/20,+H,0+2 e (3b)

Um die Wasserelektrolyse zu optimieren, wird fiir die Kathodenseite ein Elektrokatalysator bendtigt, um die
Uberspannung der HER zu senken. Fiir saure und alkalische Elektrolyte wird zumeist Platin (Pt) verwendet,
welches zwar eine gute Aktivitdt zeigt, aber in der Anschaffung aufgrund der beschrankten Verfiigbarkeit ver-
gleichsweise teuer ist. Deshalb werden aktuell neue, unkritische und sdurestabile beziehungsweise basenstabile
Elektrokatalystoren gesucht, um Platin zu ersetzen. Ein aktuelles edelmetallfreies Beispiel fiir saure Umgebungen
stellt Molybdéanphosphosulfid dar, welches aus kostenglinstigen und reichlich vorhandenden Rohmaterialien
hergestellt werden kann. Viele der Materialien sind auch unter stark sauren Bedingungen stabil und zeigen mit
Edelmetallen vergleichbare Aktivitdten.®® Auch fiir alkalische Elektrolyte werden alternative Elektrokatalysa-
toren bendtigt. Zum Beispiel schlagen Hu et al. eine Co2N/Co2Mo030s Heterostruktur vor. Die Aktivitat ist mit der
von Platin vergleichbar.® Die Identifizierung und Testung von geeigneten Elektrokatalysatoren fiir die Halbreak-
tion der Protonenreduktion bleibt jedenfalls ein wichtiges Forschungsthema, was durch die Anzahl und Vielfaltig-
keit der Publikationen auf diesem Feld belegt wird.[°%%3

Die Verwendung eines Elektrokatalysators ist auch auf der Anodenseite notwendig, da die Uberspannung der
OER im Vergleich zur HER mechanistisch bedingt noch etwas hoher ist. Speziell fiir die saure Wasseroxidation
existieren zurzeit nur relativ wenige Alternativen zu den gangigen Iridium- und Rutheniumoxid-basierten Elektro-
katalystoren. Ebenso wie bei Platin ist die Verwendung der Edelmetalle Iridium (Ir) und Ruthenium (Ru) kritisch,
was eine Kommerzialisierung dieser Technik entgegensteht. Das Problem ist jedoch, dass die meisten edel-
metallfreien Materialien, die eine hohe Aktivitdt aufweisen, unter den harschen Bedingungen der sauren Was-
seroxidation nicht stabil sind, welche unter anderem in Brennstoffzellen mit Protonen-Austausch-Membranen
(englisch proton exchange membrane, PEM) vorliegen. Eine Strategie besteht darin, den Anteil von Iridium be-
ziehungsweise Ruthenium in den verwendeten Elektrokatalysatoren zumindest teilweise zu reduzieren. Gegen-
wartig wird an Perowskit-basierten Elektrokatalysatoren mit reduziertem Edelmetall-Anteil wie SrirOs oder
CaCusRu4012 geforscht, welche sdurestabil sind und eine intrinsische Aktivitat in der Wasseroxidation aufwei-
sen.” %! Fiir die alkalische Sauerstoffentwicklung werden unter anderen Ubergangsmetalloxide auf Basis von
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Eisen, Nickel, Cobalt und Mangan verwendet, die oft aufgrund ihrer Verfligbarkeit sehr gilinstig und einfach her-
zustellen sind.’’*? Ein oft verwendetes Strukturmotiv ist hierbei die Spinellstruktur. Dabei werden binare,
ternare und quartére Spinelle eingesetzt, wie beispielsweise Co304,11° CoFe2041*°Y oder auch NixCoyMn04.110%
In dieser Arbeit wird der inverse Spinell NiFe204 in der Wasseroxidation getestet. Nickelferrit ist unter einem
pH-Wert von circa 4 nicht stabil (siehe Abbildung 5), daher kann das Material ausschlieRlich im Neutralen oder
Alkalischen eingesetzt werden. Ein anwendungsrelevantes Problem von solchen Ubergangsmetalloxiden, wie
zum Beispiel NiFe20s, ist oftmals die schlechte elektrische Leitfahigkeit der Materialien.*® Die Ladungstriger
koénnen nur vergleichsweise kurze Wege zuriicklegen, sodass grolRe Teile des Bulk-Materials gar nicht kontaktiert
sind. Somit kdnnen die Ladungstrager die aktiven Zentren nicht oder nur schwer erreichen. Ein Lésungsansatz
bietet hier die Meso- oder Nanostruktierung der Ubergangsmetalloxidkatalysatoren, wodurch zusitzlich die
Oberflache und die Zahl der aktiven Zentren erhoht wird. Ein Parameter, der Oberflache und Aktivitat verknipft,
ist die elektrochemisch aktive Oberflache (englisch electrochemical active surface area, ECSA). Jedoch ist eine
Erhéhung der ECSA oftmals mit einem geringeren Kristallinitatsgrad verbunden, was sich negativ auf die elektro-
katalytische Aktivitat auswirken kann. Ein amorpher Elektrokatalysator ist allgemein schlecht elektrisch leitfahig
und tendiert eher dazu, sich langsam zu zersetzen, weshalb die Langzeitstabilitdt ein wichtiger Faktor bei der
Beurteilung der Giite eines Elektrokatalysators ist.['%3 Die Tafel-Steigung als zusatzlicher Parameter gibt an, wie
der Strom durch eine Elektrode von der Spannungsdifferenz zwischen Elektrode und Elektrolyt abhangt. Zur Er-
mittlung der Tafel-Steigung wird der Tafel-Plot herangezogen, fiir den die Stromdichte an der Elektrode gegen
den dekadischen Logarithmus des Elektrodenpotentials aufgetragen wird.

Zusammenzufassend ist zu sagen, dass die elektrokatalytische Aktivitat eines Materials schwierig vorherzusagen
ist. Es sind sorgfaltige Untersuchungen notwendig, um exakt festzustellen, welche Parameter die Performance

bestimmen und wie diese fiir eine maximale Ausnutzung der bereitgestellten Energie optimiert werden missen.

2.2.2. Reduktion von Kohlenstoffdioxid

Gegenliber dem vorindustriellen Niveau ist der Gehalt des Treibhausgases Kohlenstoffdioxid (CO2) in der Atmos-
phdre um fast 150 ppm auf 419 ppm (Stand 14.07.2022) gestiegen.[1®41%51 |m Jahr 1960 betrug der atmos-
phirische CO»-Gehalt noch 315 ppm.[*%! Die elektrokatalytische Reduktion bietet eine vielversprechende
Moglichkeit, in der Atmosphére gebundenes CO2 umzuwandeln beziehungsweise nutzbar zu machen. Damit leis-
tet die elektrokatalytische Reduktion von CO: einen Beitrag zur Einhaltung des 2 °C-Ziels der Pariser Klimakonfe-
renz (2015), insofern der verwendete Strom COz-neutral bereitgestellt wurde.[*?”)

Das CO2-Molekiil selbst ist dulerst stabil und chemisch weitestgehend inert. Zudem ist CO2 schlecht in Wasser
I6slich, was bei der elektrochemischen Reduktion zu niedrigen Reaktionsraten fiihrt. Kohlenstoff liegt in seiner
hochstmoglichen Oxidationsstufe +IV vor. Die Ein-Elektronen-Reduktion zu CO2~ wiirde bei einem neutralen
pH-Wert eine extrem negative Spannung von -1,90 V gegenliber der Standard-Wasserstoff-Elektrode (englisch
standard hydrogen electrode, SHE) erfordern. Durch die Kopplung der Reduktion mit Protoneniibergangen kann
die notwendige Spannung gesenkt werden. Es konnen auf diese Weise wertvolle Rohchemikalien und

Brennstoffe erzeugt werden, unter anderem Ameisensdure (HCOOH), Kohlenstoffmonoxid (CO), Methan (CHa),

Methanol (CH3OH), Ethen (C2H4) oder Ethanol (C2HsOH). Die entsprechenden Reaktionsgleichungen sowie Stan-
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dard-Halbzellenpotentiale E° bei einem pH-Wert von 7 sind den Gleichungen 4a-f zu entnehmen.[19%8199 Eg jst
augenscheinlich, dass die Redoxpotentiale im Bereich von -0,6 bis -0,2 V vs. SHE liegen und damit einander sehr
ahnlich sind, was die selektive Herstellung eines bestimmtes Produkts erschwert. Im Vergleich dazu liegt das
Halbzellenpotential der Protonenreduktion (siehe Gleichung 2a) bei 0,41 V vs. SHE. Daher stellt die Reduktion
von Protonen in protischen Medien immer eine Konkurrenzreaktion zur Reduktion von CO2 dar. Als Gegenreak-
tion erfolgt in einem typischen CO»-Elektrolyseur die Oxidation von Wasser an der Anode. Beide Reaktionskam-
mern sind durch eine lonenaustausch-Membran voneinander getrennt. Die Gesamtreaktion ist in jedem Fall en-

dergonisch, sodass eine externe Spannung als Triebkraft zwingend bendétigt wird.

CO2+2 H30*+2 e — CO + 3 H20, E°=-0,52 V vs. SHE (4a)

CO2 + 2 H30* +2 e” — HCOOH + 2 H20, E°=-0,61 V vs. SHE (4b)
CO2 + 6 H30* + 6 e — CH30H + 7 H20, E°=-0,38 V vs. SHE (4c)
CO2 + 8 H30* +8 e” — CHa + 10 H20, E° = -0,24 V vs. SHE (4d)

2 CO2 + 12 H30* + 12 e — CaHa + 16 H20, E° = -0,35 V vs. SHE (4e)
2 CO2 + 12 H30* + 12 ™ — C3HsOH + 15 H,0, E° = -0,32 V vs. SHE (4f)

Da die Uberpotentiale der Reaktionen zusitzlich betrachtet werden miissen, erfordert die Reduktion von Kohlen-
stoffdioxid demzufolge das Anlegen von stark negativen Potentialen. Daher sind die erforderlichen Energie-
mengen sehr hoch. Um die Wirtschaftlichkeit der Reaktion zu verbessern, ist die Verwendung von Elektrokataly-
satoren notwendig. Hierfiir werden zumeist metallhaltige Verbindungen eingesetzt.

Im Fall der CO2-Reduktion kdnnen zudem verschiedene Produkte entstehen, die nach der Anzahl der Kohlen-
stoff-Atome in Ci-, C2- und Cs-Produkte kategorisiert werden. Dabei kann die Selektivitdt durch die Wahl des
Elektrokatalysators und dabei vor allem durch die inkorperierten Metalle gesteuert werden.!'% Enthalten die
Elektrokatalysatoren die Metalle Gold (Au), Silber (Ag) oder Zink (Zn), wird tendenziell eher Kohlenstoffmonoxid
als Hauptprodukt erhalten. Ein Beispiel hierfiir sind elektrochemisch rekonstruierte Zinkoxid-Nanostrukturen, die
von Luo et al. erfolgreich in der CO»-zu-CO-Elektroreduktion eingesetzt wurden.[**) Ameisensiure kann durch
die Verwendung von Metallen wie Zinn (Sn), Indium (In) und Blei (Pb) erhalten werden. Yuan et al. beschreiben
beispielsweise zweidimensionale amorphe SnOx Strukturen fiir die Herstellung von Ameisensdure aus Kohlen-
stoffdioxid.l**? Kupfer (Cu) nimmt eine gewisse Sonderrolle ein, da mit Cu-haltigen Elektrokatalysatoren eine
Reihe von Cijss-Produkten aus CO: dargestellt werden kénnen, unter anderem Kohlenstoffmonoxid,*3!
Ameisensiure,['** Methanol,[**! Ethanol!*'®! und Ethen.[''”] Wasserstoff-selektiv sind vor allem Elektrokatalysa-
toren, die Platin (Pt), Eisen (Fe) oder Nickel (Ni) enthalten. Darlber hinaus werden neben metallhaltigen Elektro-
katalysatoren auch nicht-metallische Verbindungen oder molekulare Katalysatoren eingesetzt. 11!

Beziiglich der elektrokatalytischen CO., Reduktion liegt der Fokus der vorliegenden Arbeit auf terndren Uber-
gangsmetallsulfiden mit spinellartiger Struktur. Im Speziellen wird der Thiospinell Ni2FeSs thematisiert. Obwohl
nickel- und eisenhaltige Elektrokatalysatoren in solchen Systemen eher dazu tendieren, Protonen zu Wasserstoff
zu reduzieren, besteht die Moglichkeit, dass das Material auch in der CO2-zu-CO-Elektroreduktion aktiv sein kann,
da es sich von der Kohlenmonoxiddehydrogenase (CODH) ableitet. Es ist auch maoglich, dass beide Reaktionen

gleichzeitig ablaufen, was zu der Entstehung von Synthesegas fiihren wiirde.
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2.3.  Oberflachenstrukturierung von Elektrokatalysatoren

Die Oberflachenstruktur eines Elektrokatalysators kann fir seine Aktivitdt und Stabilitdt ebenso essenziell sein
wie die Zusammensetzung.!'® Eine Oberflichenerhdhung bietet in der heterogenen Katalyse generell den
Vorteil der Maximierung der Anzahl an aktiven Zentren und damit eine Erhéhung der Reaktivitat. Weiterhin sind
Metalloxide wie NiFe204 oftmals nicht oder nur schlecht elektrisch leitfahig. Im Falle eines Bulk-Materials werden
dementsprechend grof3e Teile des Materials nicht kontaktiert. Das heif3t, dass der Diffusionsweg eines Ladungs-
tragers zum nachsten Material-Elektrolyt-Kontakt zu lang ist, um diesen zu erreichen. Damit steht nur ein kleiner
Teil des Materialvolumens fiir die Elektrokatalyse zur Verfligung. Die Nano- oder Mesostrukturierung bietet die
Moglichkeit, die Diffusionswege deutlich zu verkiirzen und damit die Kontaktierung zu verstarken, was oft mit
einer verbesserten Performance einhergeht. Unabhangig von der Art der Strukturierung besteht allerdings das
Problem der Diffusionslimitierung. Wenn die Transportwege im einem solchen Material fur Elektrolyt, Reak-
tionsedukte und -produkte nur wenige Nanometer groR sind, ist der Transport beispielsweise durch Engstellen
begrenzt. Dementsprechend ist der genaue Zusammenhang von Aktivitat und Oberflachenstrukturierung nicht
trivial und muss fiir jedes Katalysatorsystem empirisch untersucht werden.*?° Eine Méglichkeit der Oberflichen-
erhohung bietet die Synthese von Nanoteilchen. Solche Teilchen besitzen Durchmesser zwischen 1 und 100 nm,
wobei die Definition nicht eindeutig ist.[*?!! Die Formen von Nanoteilchen kénnen mannigfaltig sein. Beispiele
sind spharische Partikel, plattenartige Strukturen oder stabartige Strukturen. Die Teilchen liegen oft agglomeriert
vor.1122]

Durch die Erzeugung von pordsen Strukturen kann die Oberflache eines Materials ebenfalls erhoht werden. Die
Porenkanile weisen oft eine hohe Fernorndung auf. Durch die Porenkandle kénnen Elektrolyt, Edukte und
Produkte sehr effektiv zum aktiven Zentrum transportiert werden, was ein Vorteil im Vergleich zu spharischen
Nanopartikeln darstellt. Nach der Internationalen Union fiir reine und angewandte Chemie (International Union
of Pure and Applied Chemistry, IUPAC) weisen mikropordse Stoffe einen Porendurchmesser D von <2 nm auf.
Liegt der Porendurchmesser zwischen 2 und 50 nm, wird von mesopordésen Materialien gesprochen. Sind die
Poren noch groRer, werden sie als Makroporen bezeichnet.*?3 Poren kénnen auch nach ihrer Zuginglichkeit und
Form klassifiziert werden (Abbildung 7). Nicht jede Porenform ist fir die heterogene Katalyse nutzlich, wie zum
Beispiel geschlossene Poren.[*24

Viele Elektrokatalysatoren werden in Form von Nanokatalysatoren eingesetzt, um die Aktivitat zu erhéhen. Ein
Beispiel stellt der Cos04-Spinell dar. Nanopartikuldre und mesopordses Cos0a-Pulver!?5126 wyrden bereits fiir
die elektrokatalytische Wasseroxidation eingesetzt. Es sind oft sorgféltige Untersuchungen notwendig, um fest-
zustellen, welche Morphologie fir den jeweiligen Elektrokatalysator und die spezifische Reaktion am besten

geeignet ist.
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Abbildung 7: Schematische Darstellung verschiedener Porentypen. Geschlossene Poren (a) haben keine Verbindung zu Nach-
barporen. Die Porentypen b-g werden als offene Poren bezeichnet und tragen zur spezifischen Oberflache bei. Es existieren
auch sogenannte Sackgassenporen (b und f). Rauigkeiten an der Oberflache (g) kénnen auch als Poren angesehen werden.

Adaptiert von Open Chem. 2007 mit CC BY-NC-ND Lizenz, Copyright (2007) De Gruyter.[124]

2.3.1. Synthese von mesopordsen Metallchalkogeniden mit dem Templatverfahren

Zur Herstellung von mesopordsem NiFe20a (siehe Kapitel 3.1.) wurde in dieser Arbeit ein Templatverfahren an-
gewandt. Die nasschemische Methode basiert auf dem Einsatz von Strukturgebern, den sogenannten Templaten.
Es existieren zwei Arten von Templaten: Exo- und Endotemplate.

Beim Exotemplatverfahren (englisch hard templating), welches in Abbildung 8a schematisch dargestellt ist, wird
der zu synthetisierende Feststoff um ein bereits bestehendes mesopordses Gerlist herum aufgebaut, welche zu
einem spiteren Zeitpunkt wieder entfernt wird.!*?”! Als Exotemplat kann zum Beispiel mesopordses Siliciumdi-
oxid (SiO2) fungieren, wie zum Beispiel SBA-15 (Santa Barbara Amorphous-15) mit hexagonaler 2D Porenstruktur
oder KIT-6 (Korean Advanced Institute of Science and Technology-6), welches eine kubische 3D Porenstruktur
aufweist. In den Poren des Geruistmaterials wird der Feststoff durch eine Sol-Gel-Reaktion hergestellt und an-
schliefend durch eine Kalzinierungsprozedur stabilisiert beziehungsweise auskristallisiert. Im abschlieBenden
Schritt wird das Exotemplat wieder entfernt. Im Fall von SiO2 kann dies durch eine Behandlung mit Sduren erfol-
gen.['281 Das finale Produkt ist demnach die negative Replika des Ausgangsmaterials. Vorteilhaft fiir die Herstel-
lung eines geordnet pordsen Festkorpers ist die Prasenz von Mikroporen im Exotemplat, denn dadurch wird die
spatere Porenstruktur stabilisiert.*?®) Eine Ordnung der Poren ist bei dem Verfahren demnach relativ einfach zu
erreichen. Mit dem Exotemplatverfahren konnten Yen et al. bereits geordnet mesopordses NiFe204 mit einer
hohen spezifischen Oberfliche von 250 m? g* herstellen.[3% Bei dem Exotemplatverfahren finden wihrend der
Kalzinierung allerdings oft unerwiinschte chemische Prozesse zwischen Templat und den Reagenzien statt. Im
Fall der Verwendung von SiO2-Templaten kénnen sich beispielsweise Silicate bilden. Weiterhin sind die
Porenparameter, wie zum Beispiel GréRe, Form und Anordnung, schlecht einstellbar, da diese von der Morpho-
logie des Exotemplats bestimmt werden. Die morphologische Vielfalt der Exotemplate ist jedoch beschrénkt.[*3%
Die Alternative zur Porenerzeugung mit dem Exotemplatverfahren stellt das Endotemplatverfahren dar (englisch

soft templating), dessen Ablauf in Abbildung 8b schematisch gezeigt ist. Der Vorteil bei dem Verfahren ist, dass
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die Porenparameter bei dem Verfahren leicht durch die Anderung verschiedener Reaktionsparameter variiert
werden konnen. Als Template bei dem Verfahren werden Tenside oder Blockcopolymere eingesetzt. Solche am-
phiphilen Substanzen haben die Eigenschaft, in Losung unter bestimmten Bedingungen Aggregate zu bilden, die
sogenannten Mizellen. Mehrere Mizellen konnen sich zufallig arrangieren oder auch durch Van-der-Waals-Krafte
und Wasserstoffbriickenbindungen geordnete Strukturen entwickeln.!*3? Mizellen kénnen von amphiphilen Ver-

bindungen gebildet werden, das heift, sie bestehen aus einem hydrophilen und hydrophoben Teil.

—)

Mesoporéses Templat (Exotemplat) Festkorperbildung Templatentfernung

Mizelle (Endotemplat) Festkérperbildung Templatentfernung

Abbildung 8: Schematische Darstellung der Templatverfahren zur Herstellung mesopordser Feststoffe. (a) Beim Exotemplat-
verfahren wird der zu synthetisierende Feststoff in einem bereits porésen Geriistmaterial aufgebaut, welches zu einem spa-
teren Zeitpunkt wieder entfernt wird. (b) Das Endotemplatverfahren basiert auf dem Einsatz von strukturdirigierenden Re-
agenzien, wie zum Beispiel grenzflachenaktive Tenside oder Blockcopolymere. Diese kdnnen in Losung Agglomerate (Mizel-
len) bilden, um die sich der gewiinschte Feststoff bilden kann. Das Endotemplat wird durch Extraktion oder Temperaturbe-
handlung zu einem spateren Zeitpunkt entfernt, wodurch final der pordse Feststoff erhalten wird. Adaptiert von Chem. Soc.

Rev. 2011 mit Genehmigung, Copyright (2011) Royal Society of Chemistry.[133]

Ein Beispiel fur eine solche amphiphile Substanz stellt das in dieser Arbeit verwendete symmetrische Blockco-
polymer Pluronic® P-123 dar,** welches hydrophile Polyethylenoxid- (PEO) und hydrophobe Polypropylen-
oxid-Einheiten (PPO) enthalt (Abbildung 9a). In Lésungsmitteln kann P-123 mizellenartige Strukturen entwickeln.
In wassrigen Medien zeigen dabei die PEO-Blécke zum Wasser hin und bilden damit das AuRRere der Mizelle,
wahrend die PPO-Blocke im Inneren der Mizelle keinen direkten Wasserkontakt aufweisen (Abbildung 9b). Die
Mizellen kénnen abhdngig von Temperatur und Konzentration eine hexagonale 2D oder eine kubische 3D Anord-

nung ausbilden!3>13%1 ynd werden unter anderem zur Herstellung der Exotemplate SBA-15 und KIT-6 verwendet.
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Abbildung 9: (a) Struktur des amphiphilen Blockcopolymers Pluronic® P-123 mit hydrophilen Polyethylenoxid- (PEO) und hy-
drophoben Polypropylenoxid-Blocken (PPO). (b) In Losungsmitteln, wie zum Beispiel Wasser, kdnnen sich mizellenartige

Strukturen bilden, indem sich die Baueinheiten gemaR ihrer hydrophilen oder hydrophoben Eigenschaften ausrichten.[135]

Um diese Endotemplatstruktur kann sich in einem Sol-Gel-Prozess durch Hydrolyse und einer sich anschlie-
Benden Kondensation der amorphe Feststoff ausbilden. Oft wird die Reaktion so gefiihrt, dass die Reaktionsmi-
schung langsam eingetrocknet wird, sodass dabei die kritische Mizellbildungskonzentration (englisch critical mi-
celle concentration, CMC) erreicht wird. Die CMC beschreibt genau die Konzentration der amphiphilen
Verbindungen, bei der sich Mizellen bilden kénnen. Durch das langsame Verdampfen des Losungsmittels wird
auch die Sol-Gel-Reaktion beschleunigt, wodurch sich schliefflich ein dreidimensionales Netzwerk ausbildet,
welches auch als Flussigkristall bezeichnet wird. Das beschriebene Verfahren heilt verdampfungsinduzierte
Selbstassemblierung (englisch evaporation-induced self-assembly, EISA). Das organisch-anorganische Hybridma-
terial wird schlieBlich vollstandig getrocknet und abschlieRend temperaturbehandelt, was dazu fihrt, dass das
gewlinschte Metalloxid auskristallisiert und das organische Templat entfernt wird. Bei der Kalzinierung darf kein
Losungsmittel mehr vorhanden sein, da sonst Quellung oder Druckerhéhung durch plotzlich entstehende
Gasmolekile die Porenstruktur zerstdren kdnnen. Die Templatentfernung kann alternativ auch durch Extraktion
zum Beispiel mit Salzsiure erfolgen,!*?® insofern das herzustellende Material gegeniiber dem Extraktionsmedium
chemisch stabil ist. Die Morphologie des Metalloxids entspricht dann der negativen Replika der vorausgehenden
Mizellenstruktur. Die Kalzinierung des Metalloxids darf nur bei solchen Temperaturen erfolgen, bei denen noch
kein ausgepragtes Kristallitwachstum zu erwarten ist. Kristallitwachstum ausgehend von den Porenwanden
wirde dazu fiihren, dass die Poren kollabieren. Dementsprechend muss die Kalzinierungstemperatur gemaR dem
Kristallisationsverhalten des herzustellenden Materials und der thermischen Zersetzung des Templats aus-
gewdhlt werden. Bei dem Endotemplatverfahren kénnen PorengrofRe, Porenvolumen und Porenordnung durch
verschiedene Parameter eingestellt beziehungsweise optimiert werden, wie zum Beispiel durch die Wahl des
Losungsmittels oder -gemisches, die Konzentrationen von Endotemplat und Metall-Prakursoren, die Art der
Trocknungsprozedur und die Art der Kalzinierungsprozedur.!137:138]

Aus diesem Grund wird in der vorliegenden Arbeit das Endotemplatverfahren zur Synthese von mesopordsem
NiFe204 verwendet. Dieses basiert auf dem Einsatz der Template Pluronic® P-123 (Poly-(ethylenglykol)-block-
poly-(propylenglykol)-block-poly-(ethylenglykol)) und Zitronensdure, welche in Wasser gelost werden. Ausge-
hend von den Nitratsalzen kann sich dann um die Templatstruktur ein Netzwerk aus amorphem NiFe204 aus-
bilden. Durch Kalzinierung werden abschlieRend die Templat-Molekile entfernt und das mesopordse ternare

Ubergangsmetalloxid erhalten. Der Einsatz von Zitronensaure hat bei der Kalzinierung den zusétzlichen Vorteil,
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dass sich dabei amorphe Carbonate bilden kénnen. Die Bildung von amorphen Carbonaten verzogert hier die
Oxidbildung, was ein mégliches Kristallitwachstum des Oxids und den Porenkollaps verhindern kann.[*3%%4% purch
die Wahl der Template und der Kalzinierungstemperatur kann die Materialmorphologie leicht modifiziert
werden. Dies ermoglicht die Untersuchung des Zusammenhangs zwischen Morphologie und Aktivitadt in der elek-

trokatalytischen Wasseroxidation, bei gleichzeitig konstanter Zusammensetzung der Proben.

2.3.2. Mikrowellensynthese von Metallchalkogenid-Nanopartikeln und -Nanoschichten

Eine Alternative zur mesopordsen Morphologie stellen Nanopartikel dar. Durch die Verkleinerung der
PartikelgroRe auf < 100 nm kann die spezifische Oberflache signifikant erh6ht werden. Allerdings tendieren Na-
nopartikel dazu, Agglomerate zu bilden.[*?®) Der Kontakt von Nanopartikeln verringert die zugingliche Ober-
fliche. Die Agglomeration kann durch den Einsatz von verschiedenen Funktionalisierungsreagenzien wie
beispielsweise Betain-Hydrochlorid, Olsdure, Oleylamin, Zitronensidure oder Polyvinylpyrrolidon (PVP) wirksam
vermieden werden. Solche Substanzen lagern sich an der Partikeloberflache an und verhindern durch verschie-
dene AbstoRungsmechanismen deren Anniherung.[**!

Fir die Synthese von Nanopartikeln existieren mehrere etablierte nasschemische Methoden, unter anderem die
Co-Ausfillung, Thermaldekomposition, Mikrowellensynthese oder Solvothermalsynthese.**? Die Co-Ausfallung
basiert zunachst auf dem Losen der Reaktionsedukte, um diese zu homogenisieren. Die Reaktion und Fallung
erfolgt schlieBlich durch Zugabe einer weiteren Losung. Mit dieser Methode stellen Krishnakanth et al.
Nickel(Il)-oxid-Nanopartikel (NiO) her. Dabei wird das Nitrat-Salz zunachst in Wasser gelost und mit einer ba-
sischen Lésung als Hydroxid gefallt, welches dann durch eine Temperaturbehandlung in das Oxid Uberfihrt
wird.[*43 Bei der thermalen Zersetzung werden die Metall-Prikursoren meist in einem Solvens geldst, welches
einen Siedepunkt aufweist, der héher ist als die Zersetzungstemperaturen der Metall-Prakursoren, was dann zur
Bildung eines Metalloxids fiihrt. Ein Beispiel flr eine solche Synthese stellt die von Wang et al. vorgestellte
Methode zur Herstellung von nanopartikularem Mangan(ll,11)-oxid (Mn30a4) dar, die auf der Thermaldekomposi-
tion des Nitrats mit einer Zersetzungstemperatur von 37 °C gel6st in Octadecylamin basiert, welches bei 349 °C
siedet.[**¥ Bei der Solvothermalsynthese wird das Solvens mit den geldsten Reaktionsedukten durch Tempera-
turerhdhung Uber den Siedepunkt einem hohen Druck ausgesetzt. Unter solchen Bedingungen werden Inter-
aktionen zwischen den Reaktanden intensiviert, wodurch das kristalline Produkt entsteht. Fiir solche Solvother-
malsynthesen werden gasdichte Reaktoren eingesetzt, die Autoklaven. Mit dieser Methode sind viele Metall-
oxide zugdnglich. Chen und Xu beschreiben beispielsweise die Synthese von nanopartikularem FesOa. Dazu wird
Eisen(ll)-methoxyethoxid in einer Mischung aus Wasser und 2-Methoxyethanol geldst und bei einer vergleichs-
weise niedrigen Reaktionstemperatur von 140 °C zu FesOs umgesetzt.[***! Die Mikrowellensynthese ist mit der
Solvothermalsynthese verwandt, jedoch wird Mikrowellenstrahlung zum Aufheizen genutzt. Dadurch kann eine
rasche Erwarmung innerhalb von einigen Sekunden realisiert werden, wobei die Erhitzung der Reaktionsldsung
homogen erfolgt. Der optimale Energietransfer flihrt zu verkiirzten Reaktionszeiten, wodurch auch der Ener-

giebedarf signifikant gesenkt werden kann. Die Reaktionsparameter kénnen bei der Mikrowellensynthese exakt
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gesteuert werden.[* |n einigen Fille ist die post-synthetische Temperaturbehandlung der gewonnenen Nano-
partikel sinnvoll, um zum Beispiel die Kristallisation des Metalloxids abzuschlieBen oder organische Riickstande
der Reaktionsedukte zu entfernen.

Die Vorteile der Mikrowellensynthese werden in dieser Arbeit dazu genutzt, um NiFe.0s-Nanopartikel effizient
herzustellen. Durch eine anschlieBende Kalzinierung kénnen morphologische Parameter, wie zum Beispiel die
PartikelgroRe oder der Kristallisationsgrad, variiert werden und die Auswirkungen auf die Aktivitat in der elektro-
katalytischen Wasseroxidation untersucht werden. Die nicht-wassrige Methode basiert auf einem nukleophilen
Angriff von Benzylalkohol oder eines Derivats an ein Metall-Acetylacetonat, infolgedessen es zur Bildung von
Benzylacetat kommt (Abbildung 10a). Ein weiteres Benzylalkohol-Molekil koordiniert schlieBlich an das
Metallzentrum des entstandenen Enolats, wodurch unter Freisetzung von Aceton ein Ligandenaustausch erfolgt
(Abbildung 10b). Mit einem weiteren Benzylalkohol-Molekil kommt es zur Eliminierung eines Ethers, welche
zusatzlich durch das Metallzentrum katalysiert wird (Abbildung 10c). Zuriick bleibt das hydrolysierte
Metallzentrum, das nun mit einem weiteren hydrolysierten Metallzentrum unter Abspaltung von Wasser kon-

densieren kann, was fiir die Bildung einer ausgedehnten Metalloxid-Struktur notwendig ist.[*47:148]
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Abbildung 10: Postulierter Mechanismus der Reaktion von Metall-Acetylacetonaten mit Benzylalkohol, hier gezeigt fur Ni-
ckel(ll)-acetylacetonat (Ni(acac),). (a) Zuerst wird durch den nukleophilen Angriff von Benzylalkohol an Ni(acac); ein Me-
tall-Enolat gebildet. (b) Ein weiteres Benzylalkohol-Molekl koordiniert dann an das gebildete Enolat, wodurch unter Freiset-
zung von Aceton ein Ligandenaustausch erfolgt. (c) Mit einem weiteren Molekiil Benzylalkohol wird zuletzt unter Abspaltung
eines Ethers das Nickel-Hydroxid gebildet, welches nun mit weiteren hydrolysierten Metallzentren unter Wasserabspaltung
kondensieren kann (c). Adaptiert von Chem. — An Asian J. 2008 mit Genehmigung, Copyright (2008) WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.!147]
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Die beschriebene Reaktion wurde bereits fiir verschiedene spinellartige Ferrite angewandt, wie zum Beispiel
ZnFe 04149150 ynd MgFe20..5%1Y Die in dieser Arbeit thematisierte Mikrowellen-basierte Darstellung von
phasenreinen NiFe204-Nanopartikeln (Kapitel 3.2.) basiert auf der Reaktion von Nickel(ll)-acetylacetonat
(Ni(acac)2) und Eisen(lll)-acetylacetonat (Fe(acac)s) mit dem Losungsmittel rac-1-Phenylethanol, einem Benzyl-
alkohol-Derivat. Dabei sind morphologische Parameter justierbar Gber die Synthesetemperatur in der Mikro-
welle (200-240 °C) und die Kalzinierungstemperatur (300-500 °C). Die Reaktion ist auch auf das aufgrund der
ausgepragten magnetischen Eigenschaften interessante Manganferrit (MnFe204) anwendbar, was detailliert in
Kapitel 3.3. erlautert wird.

Aus dem Reaktionsmechanismus wird ersichtlich, dass das Sauerstoff-Atom des Benzylalkohols direkt in das ent-
stehende Metalloxid eingebaut wird. Aus diesem Grund kann durch den Austausch von Benzylalkohol mit einem
Schwefel-Analogon ein entsprechendes Sulfid hergestellt werden, was Ludi et al. bereits fir die binaren Sulfide
Zink(l)-sulfid (ZnS) und Zinn(IV)-sulfid (SnSz) zeigen konnten.[*>Y Kapitel 3.4. beschreibt die Darstellung des
ternaren Thiospinell-Elektrokatalysators Ni2FeSs4 ausgehend von Ni(acac)2 und Fe(acac)s bei 200 °C. Als Losungs-
mittel wird ein Gemisch aus rac-1-Phenylethanol und Benzylmercaptan verwendet (Abbildung 11). Auffallend
ist, dass bei dieser Reaktion Nickel oxidiert (Ni>* — Ni**) und Eisen reduziert (Fe3* — Fe?*) wird. AuRBerdem bilden

sich hier keine Nanopartikel, sondern plattchenartige Strukturen, die auch als Nanoschichten bezeichnet werden.

OH SH
; 200 °C
2 Ni(acac
oy ©)\ ¥ ©)\H = NiFes,
Fe(acac), 30 min

Abbildung 11: Mikrowellen-basierte Herstellung des Thiospinells Ni,FeS, als Nanoschichten. Dazu werden die Metall-Acetyl-
acetonate in einem Gemisch aus rac-1-Phenylethanol und Benzylmercaptan geldst und bei 200 °C in einem Mikrowellenre-
aktor behandelt. Der postulierte Mechanismus lauft dhnlich dem in Abbildung 10 gezeigten Mechanismus fir die Bildung von
Metalloxiden ab. Entnommen aus ACS Appl. Energy Mat. 2021 mit Genehmigung, Copyright (2021) American Chemical

Society.

2.3.  Problemstellung und Kurziiberlick tiber die verwendeten Untersuchungsmethoden

Die vorliegende Arbeit “Darstellung und Charakterisierung von nanostrukturierten Eisen-basierten Ubergangs-
metall-Chalkogeniden mit Spinellstruktur fur die Anwendung in der elektrokatalytischen Wasseroxidation und
Kohlenstoffdioxidreduktion” beschaftigt sich zunachst mit der Herstellung der vorgestellten Materialien NiFe20a,
MnFe204 und Ni2FeSs. Den Materialien ist gemeinsam, dass sie zwei- oder dreiwertiges Eisen enthalten, wobei
Eisen eines der am hiufigsten vorkommenden Elemente in der Erdkruste ist (Massenanteil w = 6,20 %).[152153]
Die Elemente Nickel (w = 0,008 %)*>* und Mangan (w = 0,106 %)*>? sind auch vergleichsweise gut verfiigbar.
Dadurch ist eine kostenglinstige Herstellung der aufgefiihrten Spinelle moglich. Grundlage fir weitergehende
Untersuchungen an den hergestellten Materialien ist zundchst die Phasenreinheit, denn Fremdphasen kdnnen
Eigenschaften der Spinelle verfdlschen und andere elektro(katalytische) Aktivitdten aufweisen. Dem-
entsprechend wird in den vier folgenden Veroffentlichungen die Phasenzusammensetzung der hergestellten Spi-
nelle detailliert mit verschiedenen Analysemethoden betrachtet. Die wichtigste Methode stellt hierbei die Ront-
gendiffraktometrie dar, womit die kristalline Struktur einer Probe erforscht werden kann. Um potenzielle
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Fremdphasen wie a-Fe203 (Mineralname Hamatit) sicher auszuschliefen, sind zudem weitere Experimente mit
anderen Methoden wie Ramanspektroskopie oder energiedispersiver Rontgenspektroskopie (englisch energy
dispersive X-ray spectroscopy, EDXS) enthalten. Die durchgefiihrten Synthesen haben weiterhin das Ziel, die Spi-
nelle in Form von Nanopulvern zu erhalten. Der oxidische Spinell NiFe204 wird daher mithilfe einer Templatie-
rungsreaktion als mesopordser Festkorper und durch eine Mikrowellensynthese in Form von Nanopartikeln
hergestellt, deren GroRRe Uber eine thermische Nachbehandlung einstellbar ist. Die Mikrowellensynthese von
MnFe204 fiihrt ebenfalls zu spharischen Nanopartikeln, die sich aber durch eine thermische Nachbehandlung in
die bindren Komponenten zersetzen kénnen. Mit einer modifizierten Mikrowellen-basierten Synthese kénnen
Ni2FeSs-Nanoschichten erfolgreich hergestellt werden. Zur Analyse der erzeugten Nanostrukturen werden insbe-
sondere Physisorptionsmessungen und die Elektronenmikroskopie (englisch scanning electron microscopy, SEM
und transmission electron microscopy, TEM) herangezogen. Die Physisorptionsmessung ist insbesondere im Falle
des mesopordsen NiFe204 duBerst leistungsstark, weil nicht nur die spezifische Oberflache ermittelt werden
kann, sondern anhand der Form der sogenannten Isotherme die Porenmorphologie beurteilt werden kann.*>3!
So lasst sich mit Hysterese-Scans beweisen, dass im Fall von NiFe204 ein unabhédngiges Porensystem vorliegt,
dessen Poren unabhédngig voneinander mit Gas befillt beziehungsweise entleert werden kénnen, was fiir die
spatere Anwendung in der Wasseroxidation von Vorteil ist. Zur Untersuchung von pordsen Materialien mit Hys-
terese-Scans werden die Poren durch Einstellung von bestimmten Relativdriicken nur teilweise gefillt. Die
Charakteristika der Desorptions-Scans lassen dann Riickschliisse auf die Porenkonnektivitit zu.[*>® Ein weiterer
Schwerpunkt der Veroffentlichungen liegt auf der Analyse der magnetischen Eigenschaften der hergestellten
Spinelle, insbesondere der NiFe20s- und MnFe20s-Nanopartikel. Dazu sind SQUID-Messungen (englisch super-
conducting quantum interference device) inkludiert. Die Art der Kationen und die Verteilung in der Spinellstruktur
flhrt zu hohen Sattigungsmagnetisierungen, die zudem teilweise durch die Wahl der PartikelgroRRe einstellbar
sind. Die hergestellten NiFe204 Pulver sind potenzielle Elektrokatalysatoren fir die alkalische Wasseroxidation.
Allerdings hangt die Performance des Materials stark von verschiedenen Faktoren ab, wie zum Beispiel Morpho-
logie, Inversionsgrad oder potentielle Verunreinigungen. Das Exempel des mesopordsen NiFe204 zeigt, dass eine
pordse Struktur mit einem Porensystem, dessen Poren unabhangig voneinander befiillt und entleert werden
kénnen, eine Performanceverbesserung bewirkt. Die Experimente an den NiFe20s-Nanopartikeln zeigen dariiber-
hinausgehend, dass eine PartikelgroRe von 7 nm optimal fiir die Aktivitat als Elektrokatalysator ist. Bei groRReren
Partikeln ist die spezifische Oberflache zu niedrig, bei kleineren Partikeln ist die Aktivitat ebenfalls herabgesetzt,
was aus einem verdnderten Inversionsgrad oder einer isolierenden organischen Schutzschicht resultiert. Eine
Anwendung in der alkalischen Wasseroxidation ist fiir die Ni2FeSs-Nanoschichten, die auch durch eine Mikro-
wellensynthese dargestellt wurden, aufgrund von Stabilitatsproblemen zunachst nicht sinnvoll. Allerdings ist als
anorganisches Analogon der Kohlenmonoxiddehydrogenase (CODH) mit den [Ni-4Fe-5S] Zentren eine Aktivitat
in der elektrochemischen Reduktion von Kohlenstoffdioxid denkbar. Tatsachlich zeigen erste Untersuchungen,

dass die Herstellung von Synthesegas aus einer wassrigen mit CO2 gesattigten Lésung mit Ni2FeSs moglich ist.
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3. Resultate

3.1.  Elektrokatalytische Wasseroxidation mit mesopordsem NiFe;04

3.1.1. Synopsis

In den Kapiteln 3.1. und 3.2. wird der NiFe204-Spinell und die Anwendung in der elektrokatalytischen Wasser-
oxidation in alkalischen Elektrolyten behandelt. NiFe20a4 dient hierbei als Modellsubstanz, um den Einfluss einer
Oberflachenstrukturierung auf die elektrokatalytische Aktivitat detailliert zu untersuchen. Die Ver&ffentlichung
in ChemElectroChem beschreibt die einfache Herstellung von mesopordsem NiFe204 durch eine Endotemplatsyn-
these, welche auf dem Einsatz der strukturdirigierenden Reagenzien Pluronic® P-123 (Poly-(ethylenoxid)-block-
poly-(propylenoxid)-block-poly-(ethylenoxid)), im Folgenden als P-123 abgekiirzt, und Zitronensaure (CsHsO7) ba-
siert (siehe Kapitel 2.3.1.). Die Synthese geht von den Nitratsalzen als Metall-Prékursoren aus, die in Wasser
gelost werden. Nach der Zugabe von P-123, Zitronensaure oder beiden Substanzen kombiniert erfolgt das lang-
same Eintrocknen der Reaktionsmischung und anschlieBend die Behandlung des Riickstands in einem Vaku-
umtrockenschrank, um letzte Losungsmittelreste zu entfernen. Waren bei der spateren Kalzinierung noch L6-
sungsmittelreste anwesend, wiirde das simultane Verdampfen dieser eine Druckerh6hung bewirken, wodurch
es zu einem Kollaps der erzeugten Porenstruktur kommen kénnte. Ist Zitronensaure bei der Temperaturbehand-
lung an Luft zugegen, bilden sich wahrend des Aufheizprozesses bei circa 230 °C amorphe Carbonate aus, was
durch thermogravimetrischen Messungen und Infrarotspektroskopie bewiesen werden kann. Die postulierten
Carbonate sind bis etwa 340 °C prasent und kénnen die pordse Struktur wahrend der Kalzinierung stabilisieren,
da kein Kristallitwachstum stattfindet. Die weitere Temperaturerhohung bewirkt eine Umwandlung zum oxi-
dischen Material, welches bei 400 °C noch eine amorphe Charakteristik aufweist. Die Kalzinierung bei 450 °C und
550 °C fihrt zu einer Umwandlung zum kristallinen NiFe204. Es konnte zudem festgestellt werden, dass die
Zugabe von Zitronensaure als Komplexbildner notwendig ist, um NiFe20s phasenrein herzustellen. Andernfalls
ist die Vermischung der Metall-Prakursoren inhomogen, was nach der Kalzinierung zur Bildung einer thermody-
namisch stabilen Nebenphase (a-Fe203) fiihrt. Die Variation der Reagenzien und der Kalzinierungstemperatur
bietet die Moglichkeit, die Mesostruktur des Materials zu modifizieren. Auf diesem Weg kdnnen phasenreine
NiFe:04-Pulver mit spezifischen Oberflichen von 44-220 m? g! dargestellt werden, mit PorengréRen von
5-12 nm und Porenvolumina von 0,13-0,31 cm? g*. Eine besondere Charakteristik, welche durch Stickstoff-Phy-
sisorptionsmessungen kombiniert mit Hysterese-Scans detailliert untersucht wurde, ist das offen zugangliche
Porensystem der Festkorper, in dem die Poren unabhangig von Nachbarporen mit Gas befillt und wieder entleert
werden kénnen. Die mesoporésen NiFe20s-Pulver, kalziniert bei 400 °C, 450 °C und 550 °C, wurden hinsichtlich
ihrer Aktivitat in der elektrokatalytischen Wasseroxidation untersucht, speziell im Hinblick auf den Einfluss der
Oberflachenmorphologie. Es zeigte sich, dass die Aktivitat stark von Parametern wie der Porenhomogenitit,
PorengrélRe, zuganglichen Oberflache und Kristallinitdt abhdangt. Um die Aktivitdt zu optimieren, ist eine Maxi-
mierung der spezifischen Oberflache essentiell. Die Kristallinitdt spielt nur eine untergeordnete Rolle. Fir die
Erzeugung einer solchen Struktur ist eine Kalzinierungstemperatur von 400 °C ausreichend, wodurch eine ener-
gieintensive Temperaturbehandlung bei 550 °C vermieden werden kann. Mit dem mesopordsem NiFe,Os-Elek-
trokatalysator, hergestellt mit Zitronensdure als einzigem strukturgebenden Templat und kalziniert bei 400 °C,
kann das Uberpotential fiir die Wasseroxidation auf 410 mV gesenkt werden.
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Mesoporous NiFe,0, with Tunable Pore Morphology for

Electrocatalytic Water Oxidation

Christopher Simon,” Jana Timm,” David Tetzlaff,"™ 9 Jonas Jungmann,® Ulf-Peter Apfel,*®

and Roland Marschall*®

Mesoporous NiFe,0, for electrocatalytic water splitting was
prepared via soft-templating using citric-acid-complexed metal
nitrates as precursors. The mesopore evolution during thermal
treatment was examined systematically giving insights into the
formation process of mesoporous NiFe,0,. Detailed nitrogen
physisorption analysis including desorption scanning experi-
ments reveal the presence of highly accessible mesopores
generating surface areas of up to 200 m%g. The ability of the

1. Introduction

Electrocatalytic water splitting using renewable energies to
form green hydrogen and oxygen has attracted a widespread
interest to replace fossil fuels as major energy carrier. Currently,
the oxygen evolution half reaction (OER) is regarded to be the
major bottle-neck of water splitting due to its hampered
kinetics involving a multi-step proton and electron transfer.
Noble metal electrocatalysts, such as RuO, and IrO, are widely
used for OER, however, their prohibitive scarcity and cost limit
their potential widespread use in electrolyzers. Therefore,
researchers have focused on first-row transitions metal oxides
like C0,0,"” Mn,0,”* Fe0,¥ Ni,0,"*¥ and combinations
thereof®'" as potential electrocatalysts for OER.

Among the multiple transition metal oxides, ferrites with
the general formula M'Fe,0, (M=Ca, Zn, Mg, Ni, Co, Mn etc)
have gained considerable attention due to their compositions
made up from earth-abundant elements and widespread
application fields besides electrocatalysis"*™ in gas
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NiFe,0, powders to perform electrocatalytic oxygen evolution
reaction under alkaline conditions was investigated, highlight-
ing the advantages of mesopore insertion. The most active
samples reach a current density of 10 mAcm * at an over-
potential of 410 mV with a small Tafel slope of 50 mVdec ',
indicating an enhanced activity that originated from the
increased catalyst surface.

sensing,"®"”! and photocatalysis/photoelectrochemistry."* " Es-
pecially nickel ferrite has been considered as efficient OER
electrocatalyst, with outstanding high stability in alkaline media,
excellent redox properties, and ferromagnetism facilitating the
catalyst separation from solution.”®* Already in 1999, N. K.
Singh and R. N. Singh showed that the inverse spinel NiFe,0, is
a highly active material in the electrocatalytic water oxidation
with an overpotential of 379mV at a current density of
100 mAcm™, which outcompetes pure iron oxide (spinel
Fe;0,).%"

A common approach to optimize the performance of an
electrocatalyst is based on the preparation of materials with
high  surface-to-volume ratio by means of nano-/
mesostructuring.”"* Such porous structures provide large
accessible active surface areas, and mass transport character-
istics can be tailored. However, downsizing the pore size and
therefore increasing the surface area limits the rate of mass
transport of reactants and products influencing the overall
performance. Likewise, ordering of the pores can influence
mass transport characteristics during this type of reactions,
too.”¥ Due to the variety of parameters influencing the
formation and activity of mesoporous electrocatalysts, detailed
studies are necessary to understand the structure/activity
relationships of mesoporous electrocatalysts.* Since many
transition metal oxides are intrinsically poorly conductive,****
shortening the diffusion pathways by nano-/mesostructuring
can improve the transport of charge carriers through the
material.

Various mesoporous NiFe,0, were described in literature.
For example, Haetge et al. reported a soft-templating route to
prepare ordered mesoporous NiFe,O, thin films with pore
widths of around 16 nm, using a non-commercial KLE polymer
(poly(ethylene-co-butylene)-b-poly(ethylene  oxide)  diblock
copolymer®”) for pseudocapacitive charge storage.*® Jia et al.
used a similar soft-templating approach based on the commer-
cial Pluronic® P-123 block copolymer to synthesize non-ordered
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mesoporous NiFe,0, powders for acetone detection with two
major types of pores with 7 and 33 nm in diameter.””

Further, Gu et al., Li et al., and Yen et al. reported on ordered
mesoporous NiFe,0O, (pore diameters of 7 nm, 5-25 nm, and 3-
8 nm), which can be used as microwave adsorber material or
bifunctional catalyst for Li-O, batteries. Here, the generation of
the ordered mesoporous structures was based on a multi-step
hard-templating strategy (nanocasting) using mesoporous silica
(KIT-6, SBA-15, MCM-48) as template, which can be a time-
consuming synthesis and leaves residual silica in the
material.|*-

To avoid the disadvantages of having tedious polymer
synthesis or impurities of insulating SiO,, we herein focused on
a simple, rapid, one-step soft-templating route, based on the
evaporation-induced self-assembly process (EISA) using the
commercially available triblock copolymer Pluronic® (P-123) and
citric acid, to synthesize ordered mesoporous phase-pure
NiFe,O, powders with tunable pore sizes in the range of 5-
12nm for application in electrocatalytic oxygen evolution
reaction. The porosity, pore accessibility, phase composition
and crystallinity of the powders were tuned by the calcination
temperature, giving insights into the importance of these
parameters for application. Detailed morphological investiga-
tions including nitrogen physisorption, electron microscopy,
and X-ray diffraction were performed to understand the results
from electrocatalytic water oxidation studies, which reveal the
influence of accessible surface area, connected pores, and
crystallinity on the overall activity.

2. Results and Discussion

Micelle-templated ordered mesoporous transition metal oxides,
and carbonates as their intermediates during thermal treat-
ment, are known to be easily available via the formation of

metal complexes with citric acid.”"“*' Therefore, this approach
was followed to prepare the mixed metal oxide NiFe,O, with
highly homogeneous mesopores here by using Pluronic P-123°
(P-123) with citric acid calcined at various temperatures (275 °C,
400°C, 450°C, 550°C). For comparison, samples were also
prepared using only P-123 and only citric acid as templates, to
reveal their influence on the pore generation and activity.

The mesoporous structure of NiFe,0, is largely affected by
the calcination temperature and the synthesis conditions, in
general. The concentrations of P-123 (0.03 equivalents concern-
ing the Ni precursor) and citric acid (4.3 equivalents concerning
the Ni precursor) were kept constant in order to stay well below
the critical micelle concentration (cmc) before the solvent
evaporation step, and to investigate the role of the templating/
chelating agents and the calcination temperature. To under-
stand the occurring processes and to investigate mesopore
evolution during the synthesis in detail, we performed
thermogravimetric analysis coupled with online mass spectrom-
etry (TG-MS) with as-synthesized samples before calcination
(Figure 1). Pristine P-123 shows the highest mass loss between
200 and 350°C with maxima of the CO, and H,0O MS traces at
334°C, while nickel iron oxide samples prepared only with P-
123 start decomposing already at 87 °C and show then a slow
decay ending at 358°C. The corresponding CO, and H,0 MS
traces show therefore a broad distribution in the temperature
range between 87°C and 358°C with no distinguishable
maxima. The difference in the decomposition decays of pristine
P-123 and the hybrids can be explained by the different
decomposition steps of precursors iron(lll) nitrate and nickel(ll)
nitrate. Here, the decomposition of both nitrate salts is quite
complex and takes place in several stages via metastable
intermediates like Ni(NO;),0q,5-H,0 or Fe,0,(0H),(NO;),-2
Hzo.[M.ASI

The TG curve of a nickel iron oxide sample prepared only
with citric acid shows a mass loss at 130-153°C that can be
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Figure 1. a) TG measurements of as-prepared NiFe,0. samples and the pristine P-123, b} H,O (m/e= 18, continuous lines) and CO, (m/e =44, dotted lines)

evolution during TG analysis monitored via mass spectrometry.
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assigned to the loss of surface-adsorbed water, and further to a
partial decomposition of citric acid, which is confirmed by the
signals in the corresponding mass spectra of H,O and CO, at
156/162°C, respectively. In this case, synthesis only with citric
acid, the CO, MS trace must result from the partial decom-
position of citric acid due to the absence of any other carbon
source. The 2™ decomposition step at 173-226°C marks the
decomposition of the precursor complex into intermediate
carbonate species (yellow zone in Figure 1), as explained below.
The 3" decomposition step at 343-363°C can be assigned to
the transformation of these carbonates into the metal oxide
(red zone in Figure 1), causing a prominent peak in the CO, MS
trace at 364 °C, while a peak in the H,O MS trace is missing at
this temperature. Bernicke et al. observed a similar behavior
during the citric acid-supported templating strategy of meso-
porous NiO thin films.®"

The two decomposition steps at 173-226°C and 343-363°C
are separated by a plateau. Stable amorphous carbonate
intermediates like NiCO; might be present at this temperature
range (green zone in Figure 1).*" Combination of P-123/citric
acid results in a similar TG curve, compared to the TG curve of
samples prepared only with citric acid, indicating the presence
of intermediate carbonate species. According to the results
from TG analysis, carbonates may be present between ~230°C
and ~340°C. Furthermore, the presence of amorphous carbo-
nates can facilitate polymer removal without sintering of pore
walls. !

To check the presence and amorphous nature of intermedi-
ate carbonate species, as-synthesized samples were calcined at
275°C and investigated using Cu PXRD and DRIFT spectroscopy.
PXRD patterns of samples calcined at 275 °C show no reflections
indicating crystalline phases (dotted line, Figure 2a). For all
samples calcined at 275°C, a prominent double peak at 1600~
1400 cm™" is present in the DRIFT spectra indicating carbonate
anions (Figure S1).*** When calcining these samples at
400°C or above, no IR bands belonging to carbonate anion
vibrations are present anymore, which is in agreement with the
results from TG-MS analysis. Additionally, at calcination temper-

a e

ature 400°C or higher an IR signal at 3699 cm™' is detectable

and can be attributed to O—H vibrations of isolated O—H groups
on metal oxide surfaces.*® This vibration is only IR active if no
or weak hydrogen bridge bonds are present in the material. P-
123 is a polar block copolymer with O-H and ether bounds,
which could form strong hydrogen bridge bonds with O—H
groups on the metal oxide surface.***” Therefore, the appear-
ance of the IR signal at 3699 cm ' can be correlated to the
complete removal of P-123. TG-MS analysis and IR spectroscopy
demonstrate the role of citric acid as carbonate source in the
presented synthesis. These amorphous carbonates are stable in
a relatively wide temperature range of 226-343°C.

PXRD patterns are shown in Figure 2a. As expected and in
accordance with literature data,”" the NiFe,0, samples crystal-
lize between 400°C and 550°C, which is indicated by the rise of
reflections at 450°C and especially 550°C. In this temperature
range, the carbonates are already decomposed. PXRD patterns
indicate the presence of single-phase, nanocrystalline NiFe,O,
when citric acid is present during the synthesis. All reflections
can be indexed according to the NiFe,0O, reference pattern
(ICOD, no. 00-044-1485). In contrast, samples prepared only
with P-123 without citric acid are not completely phase-pure.
The impurity identified from PXRD is hematite (a-Fe,0,), as
marked in Figure 2a*® SAED patterns (Figure S2) further
confirm these findings. Citric acid might act as chelating agent
of the cations, also preventing phase separation.”* This finding
goes in line with a decreased Ni:Fe ratio below the optimum
value of 0.5 (Figure S3), which can be detected via EDXS for
samples prepared only with P-123. Even the errors for the EDXS
data of the prepared only with P-123 are remarkably higher
compared to the samples where citric acid was used. These
findings go in line with the already mentioned phase impurity
of the samples only prepared with P-123.

For samples prepared at 550°C, calculated averaged
crystallite sizes Ly, from the integral width of the (220), (400),
(511) and (440) reflections are 7.6+0.6 nm (sample prepared
only with P-123), 12.0£0.7 nm (sample prepared only with
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Figure 2. a) Cu PXRD patterns and b) Raman spectra of mesoporous NiFe,O, samples calcined at 275 °C, 400°C, 450°C, and 550 °C. Samples were prepared

only with P-123, only with citric acid, and with P-123 plus citric acid combined.
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citric acid), and 10.6 +-0.6 nm (sample prepared with P-123/citric
acid).

Phase-purity was also checked by Raman spectroscopy,
especially to exclude the presence of hematite by-phases, since
small amounts of hematite in spinel nanocrystals might not be
detected by PXRD. For cubic spinels with Fd3m space group,
five Raman active lattice modes were expected: A5 (691 cm g
+E, (332cm ) +3 T,y (201 cm ', 487 cm ', 570 cm 1).***" The
A,y signal corresponds to the symmetric stretching mode of
M-O bonds in tetrahedral units. The T,,(2) and T,,(3) signals can
be assigned to the asymmetric stretching mode and to the
asymmetric bending of M—O bonds in octahedral units,
respectively. The £, and T,y(1) signals match with the symmetric
bending and stretching modes of metal oxygen bonds, also
located in octahedral voids. In contrast, trigonal hematite (space
group R3¢) exhibits seven active lines in the Raman spectrum:
2A,, (225 cm™, 498 cm™') 45 E; (247 cm™, 293 cm™, 299 cm ™,
412.cm™', 613 cm™")."¥ Thus, spinel-type NiFe,0, and trigonal
hematite can clearly be distinguished by their Raman profiles.
As presented in Figure 2b, the Raman modes of NiFe,0, are
present for all samples calcined at 550°C. Additionally, the
Raman spectrum of sample prepared only with P-123 addition-
ally features prominent signals of hematite, including the
intense signal at 293/299 cm . Typically, the materials calcined
at lower temperature suffer from a lack of crystallinity, thereby
signal intensity decreases. However, the most intense T,,(2) and
A,q modes are visible in all Raman spectra. Occurring signals at
1100-1500 cm™ can be interpreted as 2nd order peaks.” No
signals of crystalline or amorphous carbonate species could be
detected by this technique. Raman spectroscopy supported the
results obtained from PXRD, pointing out that the addition of
citric acid as chelating agent is mandatory to get pure NiFe,O,
materials. However, due to the small crystallites and therefore
only poor Raman intensities, quantification of the occupancy of
the tetrahedral and octahedral sites is not reliable.

Additionally, *Fe Méssbauer spectra of samples calcined at
550°C, taken at ambient temperature, are presented in Fig-
ure S4. Isomer shifts (8) of 0.32mm/s (only citric acid, Fig-
ure S4b) and 0.25 mm/s (P-123/citric acid, Figure S4c) exhibit
the presence of Fe(lll) cations in two different local surround-
ings in the NiFe,O, lattice. Ferric cations are coordinated
tetrahedral or octahedral by oxygen anions, respectively. For
those phase-pure samples, the observed sextets (hyperfine
splitting) are typical of Fe cations in a permanent magnetic
state. Detailed analysis display the presence of two overlapping
sextets, corresponding to two iron sites. The inversion parame-
ter X can be estimated by fitting both sextets separately.®”
Resulting values of 0.68 (only citric acid) and 0.35 (P-123/citric
acid) indicate the presence of a partially inverse spinel.
However, Agouriane et al. have postulated a value of X=0.95—
0.97 for NiFe,0,, determined by Rietveld refinement and
Mossbauer spectroscopy. The significant deviations may origi-
nate from the different calcination temperature (1000°C vs.
550°C), since the calcination temperature and therefore crystal-
linity can have a major influence on the inversion
parameter. " For sample prepared only with P-123, a third
iron site is present since the sample is a phase mixture of
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NiFe,O, and «-Fe,0;. To exclude the impact of P-123 on the
formation of phase mixtures of NiFe,0, and «-Fe, 0, we
investigated samples in which no P-123 and no citric acid was
used in the synthesis, and we find the same phase mixture of
NiFe,0, and «-Fe,O; after calcination (Figure S5). Due to phase-
impurities, samples prepared only with P-123 and without P-
123/without citric acid will thus no longer be discussed in the
following. To summarize, the phase-purity of samples prepared
with citric acid as chelating agent is proven by PXRD, SAED,
Raman spectroscopy, EDXS, and Méssbauer spectroscopy. The
chelation of metal cations with citric acid ensures their uniform
distributions, preventing phase separation successfully.

TEM images and SEM images of mesoporous NiFe,0,
samples are shown in Figure 3 and Figure S5 and S6, respec-
tively. Generally, both TEM and SEM images show big
agglomerates in the um size range, which are characterized by
sub-structures in the nm size range. The SEM images of the
sample only with citric acid (Figure S6) and the sample with P-
123 and citric acid (Figure S7) show nanosized spherical
particles as sub-structures. Nevertheless, these sub-structures
can be better resolved using TEM analysis, allowing detailed
analysis of the generated morphology. TEM image of sample
prepared only citric acid and calcined at 275°C (Figure 3a)
clearly demonstrates a bulk material with regularly changing
material contrast, verifying a high porosity even at 275°C. If the
P-123 polymer is additionally used in the synthesis combined
with citric acid (P-123/citric acid), the brighter spots are more
pronounced, showing that the P-123 possibly still blocks the
pores at 275 °C (Figure 3e). Increasing the temperature to 400 °C
affects the transformation of the amorphous carbonates to the
amorphous metal oxide (cf. Figure 2). The morphology of the
sample with only citric acid is completely conserved at 400°C
(Figure 3b). For the sample prepared with P-123/citric acid, the
voids can now be interpreted as mesopores, since the P-123 is
decomposed (Figure 3f). At 450°C, the crystallization of NiFe,O,
starts, but samples maintain their remarkable porosities (Fig-
ure 3¢,g). Interestingly, morphologies of samples only with citric
acid and P-123/citric acid do not distinguish significantly at
400°C and 450°C, showing non-ordered mesopores. This
indicates that the porosity is also introduced by the use of citric
acid, not solely by the P-123. At 550°C (Figure 3 d,h), the
morphologies have changed to nanoparticular structures with
interparticular  pores  between  singular  nanoparticles
(Scheme 1).

According to the results from PXRD, initial crystal growth
occurs in this temperature range (450-550°C), causing morpho-
logical transformations. When the synthesis is performed only
with citric acid, particles with a size of (21.0+4.1) nm can be
observed. However, the particles are strongly agglomerated,

88868
SR S
275°C “ 400' J 450 WJ. .SS?(. .

Scheme 1. Morphological transformation of mesoporous NiFe,0, upon
annealing.
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Figure 3. TEM images of mesoporous NiFe,0, samples prepared only with citric acid calcined at 275 °C (a), 400 °C (b), 450°C (c), and 550 °C (d). TEM images of
mesoporous NiFe,0, samples prepared with P-123/citric acid calcined at 275 °C (e), 400 °C (f), 450°C (g), and 550°C (h).

which impedes accurate particles size estimation. When P-123
and citric acid are combined in the synthesis, particles of a
relatively uniform spherical shape with diameters of around
(14.3+2.4) nm are observed. The particle sizes are also slightly
larger than the calculated crystallite sizes from PXRD. In general,
NiFe,0, tends to form a particular nanosized structure at 550 °C.
The addition of P-123 further seem to inhibit the particle
growth, resulting in different particle sizes at a calcination
temperature of 550°C (14.3 nm vs. 21.0 nm).

Detailed physisorption studies were performed to reveal the
evolution of mesopores during the synthesis of NiFe,0, (Fig-
ure 4). In Figure 4, the nitrogen physisorption isotherms of the
mesoporous NiFe,0, samples prepared under various condi-
tions are shown. The corresponding pore size distributions and
cumulative pore volumes are presented in Figure 4. The
analyzed data of the nitrogen physisorption measurements are
summarized in Table 1.

Physisorption isotherms show hysteresis loops clearly
indicating the presence of mesopores in each prepared sample
(type 4(a) isotherms, cf. Table 1).** The shape and starting p/p,
values of the hysteresis of the physisorption isotherms differ
depending on the synthesis conditions, indicating a morpho-

logical transformation in the relevant temperature range. The
isotherms of the samples which were calcined only at 275°C
show already hysteresis loops indicating mesopores. The
adsorption and the desorption isotherm branches of the
samples prepared with P-123/citric acid are not overlapping at
low relative pressure in contrast to isotherm branches of the
samples without P-123 (only citric acid). This effect can be
attributed to polymer residues due to swelling processes and
irreversible nitrogen adsorption.* The specific surface area of

2 -1

the sample prepared with P-123/citric acid is only 53 m’g™",
while the sample prepared only with citric acids exhibits a
specific surface area of 285 m”g". Residuals of P-123, which are
present at 275°C (cf. TG-MS and TEM analysis (Figure 1,
Figure 3b)) inhibit the accessibility of the pores/ sample surface
for nitrogen gas molecules and lead therefore to lower surface
areas and also decreased pore volumes compared to the
samples prepared only with citric acid (0.05cm’g ' vs.
0.28 cm’g™"). It confirms that the loss of carbonate species due
to citrate addition already leads to a highly porous mesostruc-
ture. This could be further proven by the analysis of the pore
sizes. Both samples with/without P-123 (P-123/citric acid and
only citric acid) are already mesoporous with narrow pore size

Table 1. Results obtained from nitrogen physisorption measurements presented in Figure 4. The averaged values of three different samples and the

standard deviation are presented in Table S3.

Only citric acid

P-123/citric acid

275°C 400°C 450°C 550°C 275°C 400°C 450°C 550°C
Surface area 285 220 208 44 53 190 202 67
[m’g™]
Pore width 5.0 5.0 £l 120 46 6.0 5.1 100
[nm]
Pore volume 0.28 0.27 0.24 0.13 0.05 031 0.22 0.15
[em’g™"
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Figure 4. 3, ¢, €, g) N, physisorption isotherms of samples calcined at 275 °C, 400°C, 450°C and 550°C, respectively, and b, d, f, h) corresponding pore size

distributions plus cumulative pore volumes (obtained by NLDFT analysis).

distribution with maxima at 4.6 nm and resp. 5.0 nm, but the
pore volume is much larger when only citric acid is used. In
summary, the highly mesoporous morphology of amorphous
NiFe,O, can already be gained by the usage of citric acid.

At higher calcination temperature the P-123 residues are
removed, and therefore the specific surface area of the samples
prepared with/without P-123 (P-123/citric acid and only citric

ChemElectroChem 2021, 8, 227-239 www.chemelectrochem.org

acid) approach each other. Samples calcined at 400°C and
450°C have very high specific surface area of around
200 m?g . Furthermore, the pore size distributions are very
narrow. As already observed by TEM analysis, morphologies of
both types of samples are quite similar at this temperature
range (cf. Figure 3b,cf,g). Despite the non-ordered porosity
found in TEM images, the pore sizes achieved are highly
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homogeneous at this temperature treatment, peaking at 5-
6 nm. At a calcination temperature of 550°C, the templated-like
morphology transform to a nanoparticular structure, as indi-
cated by PXRD and TEM analysis (cf. Figure 2a and Figure 3d,h).
These particles also form interparticular voids, which could be
detected in the mesoporous range via nitrogen physisorption.
The sample prepared only with citric acid exhibits larger pores
than the sample with P-123/citric acid combined (12 nm vs.
10 nm), which can be correlated to larger particles seen in TEM
images.

To further underline the relation between the crystallization
and the porosity of the materials, samples with citric acid and
P-123 were calcined to temperature up to 800°C (Figure S7).
The maxima of the pore size distribution of these samples shift
towards larger pores (see Table S1), and the pore size distribu-
tion gets broader with increasing calcination temperatures
(Figure S7). The higher calcination temperature promotes the
transformation of smaller mesopores into larger but more non-
ordered mesopores due to crystallite growth, as can be seen in
the broadening of the pore size distribution (Figure 4). As a
result, surface areas decrease strongly with increasing median
pore size in all cases (cf. Table 1).

To further investigate the influence of the different
calcination temperatures, the varying shapes of the hysteresis
loops of the nitrogen physisorption isotherms due to modified
mesoporosity were investigated via hysteresis scans. This
method can unfold the pore connectivity of mesopores in a
material, and therefore the origin of the mesopores of the
different samples can be revealed. The pore connectivity is a
very important property of functional porous materials for
transport-related applications, e.g. electrocatalytic water oxida-
tion. Additionally, the detection of different pore systems in one
material is possible by this method.*”

The desorption scanning method was used to investigate
the desorption behavior of the pores in dependence of the
neighboring pores. In general, if the desorption behavior of
pores is dependent on the neighboring pore and the pore
filling grade, the desorption of different isotherm desorption
scans intersect in only one point at the p/p, value of the start/
end of the hysteresis. If the desorption behavior of the pores is
independent of the neighboring pores and the pore filling, the
desorption of different isotherm scans shows hysteresis curves
comparable to each other. Furthermore, the pore size distribu-
tion resulting from the different scans is comparable to each
other.® For the desorption scanning isotherms, the adsorption
was only run to a particular p/p, value in every cycle, and the
desorption characteristics of the sample were detected. In
Figure 5a,c.e, the hysteresis scans of samples prepared only
with citric acid and calcined at different temperatures are
presented. The first scan was measured over the whole range of
p/p, up to 0.995 (cf. Figure 4). The other maximum adsorption
points were chosen due to the hysteresis occurring in this
range. The measured desorption branch of all scanning
isotherms was then analyzed concerning the pore size distribu-
tion via NLDFT method (Figure 5b,d/f). In Figure 5b and d, the
analyzed data of the hysteresis scans of the samples calcined at
400°C and 450°C are presented. The pore size distributions of
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the second scans are similar to that of the first scan. The
maximum in the pore size distribution is located at 4.9
(Figure 5b) and 5.1 nm (Figure 5d). For the samples calcined at
550°C, the pore size distribution (Figure 5f) is slightly broader
compared to the samples calcined at 400°C and 450 °C and the
maximum in pore size distribution is located at larger pores
(around 12 nm). For all three samples, the first three pore size
distribution shapes are comparable to each other only with a
slight shift towards smaller pores and further first three scans
exhibit a hysteresis loop indicating mesopores (IUPAC: type 4
isotherm®),

These minor differences show that the pores are not
affected by neighboring pores during ad- and desorption
process for all presented samples prepared only with citric acid.
Additionally, the filling level of the pores is not influencing the
desorption behavior of every individual pore, which can be
seen in the almost horizontal courses of the desorption
branches of all isotherms and the existence of hysteresis in all
isotherms. In case of the isotherms of the samples calcined at
400°C this behavior is best observable for the second scan.
Here, the desorption branch of hysteresis of the first scan and
the desorption branch of the second scan intersect in the area
of the hysteresis of the first scan at 0.48 p/p,. The isotherms of
the different scans further show hysteresis and comparable
pore size distributions. Therefore, all isotherms show independ-
ent behavior from each other as well as the pores. This is a very
important fact for applicability in processes where gases are
evolved. The broadening in the pore size distribution in the
fourth hysteresis scan of all different samples prepared only
with citric acid indicates small amounts of smaller mesopores in
the materials. This effect was already investigated on carbon
materials.*” To summarize, the materials synthesized only with
citric acid show excellent characteristics of their pore structure
for applicability. The pores are independent from each other
and gas molecules can desorb completely at every p/p, value.
The calcination temperature plays no role for the accessibility of
the pore network.

Hysteresis scans with the desorption scanning method were
also carried out for the materials prepared using citric acid
combined with P-123 (Figure S8). The first scan of every sample
is again the isotherm with p/p, values up to 0.995 (cf. Figure 4).

In this NLDFT data evaluation of the samples calcined at
different temperatures (Figure S8b,d,f), it can be observed that
the pore size distribution of the 1% and the 2™ scan exhibit
almost the same values. The maxima in the pore size
distributions are located at 4.9 nm (400°C), 5.0 nm (450°C) and
10.5 nm (550°C). Furthermore, the presence of hysteresis loops
in the first and second scan are clearly visible. This shows again
that the pores are independent from each other in this p/p,
region and could be filled and emptied at every p/p, value. Still
the third scan of every samples has the maximum in pore size
distribution comparably to the first and second scan only with a
slight broadening towards same smaller mesopores. The fourth
scan shows the presence of smaller mesopores more clearly.™

The materials synthesized with P-123 and citric acid also
exhibit excellent characteristics in the pore structure regarding
applicability. The pore characteristics and pore connectivity are
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Figure 5. Hysteresis scanning isotherms of mesoporous NiFe,0, samples prepared only with citric acid (a, ¢, e) and the corresponding pore size distribution
plots analyzed by using the NLDFT method (b, d, f). Different scans were indicated with second scan: black, third scan: green and fourth scan: red.

comparable for the samples prepared only with citric acid and
with a mixture of citric acid and P-123. Therefore, the detailed
analysis of the mesopores of the materials shows the high
potential of all prepared materials in application where the
pore filling plays a major role, e.g. electrocatalytic water
splitting.

Concluding all analytical investigations, an overall formation
mechanism can be proposed for the presented synthesis
strategy. The first step is the complexation of Ni*' and Fe®
cations in aqueous solution by citric acid,””"" which is essential
for their uniform distribution.” Otherwise, cations are distrib-
uted unevenly, resulting in the formation of an undesired

ChemElectroChem 2021, 8, 227-239 www.chemelectrochem.org

hematite by-phase during heat treatment (cf. Figure 2). These
hybrid structures are conserved during evaporation and drying,
respectively. During heat treatment, citric acid metal complexes
are converted into amorphous metal carbonate species, via
several intermediate steps (cf. Figure 1). At 275°C, metal
carbonates start to decompose by introducing porosity into the
material (cf. Figure 1 and Figure 4). Increasing temperature to
400°C effects the transformation of the amorphous carbonates
to the amorphous metal oxide (cf. Figure 2b). Investigations on
the porosity of the samples (Figure 4) show that the presence
of carbonates allows partially removal of organic residues (P-
123) before crystal growth of NiFe,O, associated with the
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formation of thick crystalline pore walls taking place. Highly
porous semi-crystalline nickel iron oxides with large surface
area and very narrow pore size distribution can be achieved at
450°C. Moreover, the pores achieved are highly accessible at
each pressure, as determined by hysteresis scans (Figure 5 and
S8). Through crystallite growth, the generated porous structure
of the samples transforms into a particular structure with
interparticular voids. Interestingly, the pore size distribution
remains relatively narrow even at 550°C when P-123 and citric
acid were used, although TEM images clearly reveal nano-
particle agglomerates. Due to detailed investigations on the
formation mechanism, phase-pure mesoporous NiFe,0, sam-
ples with fully accessible pore system were obtained. Appa-
rently, the presence of a block copolymer like P-123 during the
initial step of the synthesis does not result in micelle formation.
Rather, citric acid and the corresponding carbonates arrange as
a scaffold, introducing uniform pores in the materials during
thermal removal of organic compounds, whereas the P-123
polymer is able to prevent aggregation of obtained particles
during crystallite growth and densification. In Figure S5, X-ray
diffraction pattern, Raman spectrum, physisorption isotherm
and pore size distribution plot of a 550°C treated sample
prepared without P-123 and without citric acid are shown. The
already mentioned presence of the hematite phase shows the
need of using citric acid as chelating agent. Further, a loss of
pore homogeneity can be observed, since the shape of the
isotherm changes significantly and the pore size distribution
gets broader compared to the samples prepared with P-123
and citric acid. Larger pores with sizes =20 nm are present,
proving the role of P-123 to prevent particle aggregation during
densification and crystallite growth even further.

After elucidating the composition and morphology of the
samples, we investigated our materials for their applicability in
OER electrocatalysis in alkaline media (1 M KOH) using a three-
electrode system. A glassy carbon rotating disk electrode
modified with 1.4 mgcm ? electrocatalyst was applied as work-
ing electrode. First, CV measurements were performed to
determine the electrochemical surface area (ECSA) of the
electrocatalysts (Figure S10). Figure 6a and b display the
obtained slopes corresponding to the double layer capacity,
which is proportional to the ECSA. The ECSA measurements
indicate overall comparable ECSAs for all samples, however the
ECSA tends to be higher if samples were calcined at lower
temperatures. This trend is in good accordance with the
obtained specific surface areas determined via physisorption
measurements. However, nickel ferrite synthesized using only
citric acid at 550°C displays a similar value (C, =0.73 mFcm™)
compared to the nickel ferrite with added both P-123 and citric
acid (Co, = 0.74 mF cm?) while exploiting a specific surface area

smaller by factor 1.6, meaning that a direct correlation between
the ECSA and the specific surface area is not generally possible.
Interestingly, the sample synthesized using only citric acid at
400°C displays the smallest values, which contradicts the
previously described trend. The reason for this remains elusive.
Inaccuracies in the ECSA analysis itself were excluded by
performing EIS measurements with the sample with P-123 and
citric acid calcined at 400°C in a non-faradaic region as a
representative example. The obtained data was fitted using a
Randles circuit including a constant phase element (CPE)
(Figure S11). The calculated capacitance using the fit is
0.85 mFecm ™2 which is only slightly higher than the capacitance
obtained by CV measurements (0.81 mFcm™). Thus, the EIS
data is in good agreement with the data obtained by CV
measurements and shows the validity of our data.

The OER performance of the prepared samples was
evaluated by performing linear sweep voltammetry experi-
ments (Figure 6c). Samples calcined at 550°C display a poor
activity with a current density of ca. 2.1 mAcm™ at 1.7 V. The
activity does not increase through the use of P-123 with citric
acid with specific surface areas 1.6 times higher, meaning that
the ECSA determines the electrochemical activity instead of the
specific surface area. Samples calcined at 400°C or 450°C
display an improved activity, which is influenced by the
increased ECSA. In general, crystallinity has only a subordinate
role for the activity, since amorphous or semi-crystalline
samples calcined at 400°C or 450°C exhibit significantly higher
current densities. Hence, our results hint that a lower degree of
crystallinity by heating at a moderate calcination temperature
can be favorable for the overall performance, which agrees with
recent literature.?*’* Hereby, crystallinity and porosity/surface
area are coupled directly, since a higher degree of crystallinity
implies pore shrinkage or even pore collapse due to crystallite
growth. In fact, samples prepared only with citric acid and P-
123/citric acid calcined at 400 °C or 450 °C show similar perform-
ances in the electrocatalytic water oxidation experiments, which
can clearly be correlated to their comparable morphologies.
The most active sample, which was prepared only with citric
acid and calcined at 400°C, reaches a current density of
20.8 mAcm ? at 1.7 vs. RHE. Overpotentials range from 410 mV
to 430 mV, which are acceptable values for OER. In Table 2 the
results of the electrochemical measurements are summarized.

Tafel plots of mesoporous NiFe,O, samples are shown in
Figure 6e and f and display similar Tafel slopes (50-94 mVdec™)
compared to other spinel-type electrocatalysts in literature >
The lower Tafel slopes can probably be correlated to the
accessible mesopore systems (cf. Figure 5 and $8), allowing
mass transport through our materials, which is often beneficial
for transport-related application like electrocatalytic water

Table 2. Results obtained from electrochemical measurements.

Only citric acid

P-123/citric acid

400°C 450°C 550°C 400°C 450°C 550°C
Overpotential for OER [mV] 410 420 =570 420 430 =570
Tafel slope [mVdec™"] 50 51 94 52 55 87
o [10°Fem ™) 453 836 7.26 8.14 7.84 7.38
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Figure 6. ECSA slopes determined at 750 mV as a function of the scan rate for the samples prepared only with citric acid (a) and P-123/citric acid combined
(b). The linear slope representing the capacitance ¢y, is proportional to the ECSA. ¢) Linear sweep voltammograms (LSV) measured with a scan rate of 1 mVs™'
in 1 M KOH and d) long-term chronopotentiometric (CPC) stability tests measured for one hour at a constant current density of 10 mAcm 2 Tafel plots of
mesoporous NiFe,0, samples synthesized only with citric acid (e) and P-123/citric acid combined (f).

oxidation. To investigate the long-term stability of the meso-
porous materials a constant current density of 10 mAcm 2
(chronopotentiometric mode) for the OER was applied (Fig-
ure 6d, Figure S12). For all samples calcined at 400°C and
450°C, the potential does not change significantly, demonstrat-
ing stable performance for at least one hour. In contrast,
samples calcined at 550°C do not steadily catalyze the OER as

ChemElectroChem 2021, 8, 227-239 www.chemelectrochem.org 2

the potential increases significantly after approx. 5 minutes. The
required high potential for these materials to reach a current
density of 10 mAcm ? may lead to corrosion of the glassy
carbon surface triggering electrocatalyst detachment of the
electrode. The same effect could be observed of the samples
calcined at 400°C and 450°C but only after approx. 6 h. These
additional long-term stability tests in Figure S13 further under-
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line the assumption of electrocatalyst detachment caused by
corrosion of the glassy carbon electrode surface. Electrochem-
ical impedance spectroscopy (EIS) data obtained at 1.6 V vs. RHE
display the smallest resistance of samples calcined at 450°C.
However, EIS data can be easily misinterpreted and thus leave
open, whether the resistances are caused either by altered
electrolyte interactions or a minimized charge transfer resist-
ance (Figure S14).

In conclusion, we have demonstrated an altered OER activity
depending on the morphology of the synthesized nickel
ferrites. In general, high specific surface area materials reveal a
trend in increased ECSAs alongside with increased activities.
The minimum overpotential reached of 410 mV show the
potential of NiFe,0, as an electrocatalyst for water oxidation,
since previously reported overpotentials for water oxidation
with unmodified NiO or Fe,0, are much higher,*®!

3. Conclusions

We present a simple synthesis strategy to prepare phase-pure
NiFe,O, electrocatalysts with highly accessible mesopores. The
materials were prepared by a modified soft-templating strategy
using citric acid as scaffold and the optional addition of the
commercially available block copolymer Pluronic® P-123, fol-
lowed by calcination. The formation of intermediate carbonate
species induced by the use of citric acid in the synthesis plays a
key role in the formation mechanism of the mesoporous
structure. Furthermore, citric acid is also crucial to obtain phase-
pure NiFe,O,. The synthesis procedure is easy to handle, low-
cost and maybe industrial scalable in the future. Parameters like
crystallinity and porosity/surface area can be controlled by the
calcination procedure. By keeping the composition constant,
the influence of often-neglected parameters like pore homoge-
neity, pore width, (accessible) surface area, and crystallinity can
be investigated precisely. Our results highlight the relation
between morphology/crystallinity and performance, demon-
strating that high accessible surface areas are essential for high
performances, while crystallinity only plays a subordinate role.
Hence, the materials can be treated at moderate temperatures,
avoiding an energy-consuming heating step at elevated
temperatures. Morphological investigations including the hyste-
resis scanning method can substantially help to fully under-
stand the activity of a nanostructured electrocatalyst. However,
the performances of our materials are still limited compared to
other NiFe,0, nanomaterials like -cubes or -particles®®’>”® and
further to other mixed transition metal oxides.”” However, our
materials are of high purity, while materials described in
literature often contain «-Fe,0;"® or NiO"® which prevents
complete comparability. In contrast to, for example faceted
NiFe-oxide nanocubes,” controlling the exposed facets in the
pore channels is not possible, resulting in a weaker activity of
mesoporous NiFe,0,. More importantly, the incorporated ele-
ments are cheap and available, in contrast to cobalt-containing
mixed metal oxide electrocatalysts.”® Long-term stability as
another important parameter for application is also provided,
contrary to manganese-containing compounds.®

ChemElectroChem 2021, 8, 227-239 www.chemelectrochem.org

Experimental Section

Synthesis

Mesoporous NiFe,0, samples were prepared using the well-known
EISA process,® coupled with the addition of citric acid during the
synthesis, inspired by the works of Kraehnert et al.*"**' Therefore,
116.3 mg (0.4 mmol) nickel(ll) nitrate hexahydrate (SigmaAldrich,
99.999 %) were dissolved in 2 mL of deionized water, and stirred for
10 minutes (500 rpm). Afterwards, 323.2mg (0.8 mmol) iron(lll)
nitrate nonahydrate (AcrosOrganics, 99+ %) were added, followed
by stirring for 1 hour. Meanwhile, 52.2 mg (0.009 mmol, 0.03
equivalents concerning the Ni precursor) of the commercially
available triblock copolymer PEO,,PPO,,PEO,, (Pluronic® P-123,
Sigma-Aldrich) and 271.1 mg (1.3 mmol, 4.3 equivalents concerning
the Ni precursor) citric acid monohydrate (CarfRoth, > 99,5 %) were
dissolved in 12 mL of deionized water, and stirred for 1 hour. Then,
six portions of 2 mL of polymer and 0.25 mL precursor solutions
were each combined. After 2 hours of stirring (500 rpm), the
solutions were transferred into 5 mL polytetrafluoroethylene (PTFE)
cups, followed by water evaporation under a glass dome at 65°C
on a heating plate for at least 2 days and final drying at 50°C using
a vacuum drying oven. Calcination of the obtained hybrid material
was performed at 275°C/400°C/450°C/550°C for 1 hour in air
(heating rate 1°C/min). For comparison, the synthesis procedure
was also performed in the absence of Pluronic® P-123 and/or citric
acid, respectively. In the following Pluronic® P-123 will be
abbreviated as P-123. Synthesis variations and their labels are
summarized in Table S1.

Materials Characterization

Powder X-ray diffraction (PXRD) measurements were performed on
a Malvern PANanlytical Empyrean diffractometer with a PixCel 1D
detector operating at 40 kV acceleration voltage and 40 mA
emission current using Cu K-o. radiation (wavelength 2 =1.54060 A).
For the measurements, the lower level of the pulse-height
discrimination (PHD) was set to 8.05 keV, and the upper level to
11.27 keV. Data were recorded in a range from 10-70° 2. Crystallite
sizes were calculated from the integral width using (220), (400),
(511) and (440) reflections of NiFe,0,. For this purpose, the intensity
of the diffraction pattern was plotted versus the scattering vector S
(Eg. 1) and the ratio between area and height of an isolated reflex
(integral width B8,,) determined. The crystallite size L, is then
obtained as the inverse value of the integral width 8,,.*”

2 - sin (w5 - 0)

= %

M

Raman spectra were recorded using a LABRAM | Raman spectrom-
eter from Horiba Jobin Yvon GmbH equipped with an Olympus
BX41 microscope using LabSpec 5.78.24 software for data evalua-
tion. For the measurements, a HeNe laser (A=632.82 nm) was used,
operated with a laser power of 1.15 mW. Samples were measured
at 50x magnification within a range of 100-4000cm™, 5 co-
additions, and 25 s exposure time. Raman spectra were de-spiked
manually and smoothed using a FFT filter, before normalizing the
data.

N, physisorption analysis were performed at 77 K using an Anton
Paar QuantaTec ASiQ-MP-MP-AG instrument (scanning curves) and
an Anton Paar QUADRASORB evo surface area & pore size analyzer
(standard isotherms). Pore size distributions were calculated using
NLDFT equilibrium model assuming cylindrical pores and silica like
surface. Specific surface areas were estimated by applying the
Brunauer-Emmett-Teller (BET) model. All samples were degassed in
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vacuum at 120°C for at least 12 hours prior to the measurements.
Data evaluation was carried out with the program ASiQwin 4.0°,

For recording transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns, a 200 kV JEOL
JEM-2200FS EFTEM equipped with Schottky FEG and In-Column
Omega Energyfilter from JEOL GmbH was used. Prior to each
measurement, 1-2 mg of the sample were suspended in 1 mL of
ethanol (AcrosOrganics, extra dry, 99.5%). Then, 4-8 uL of the
suspension were dropped on a carbon film coated Cu TEM grid
(200 Mesh). TEM (and also SEM) images were processed using
Image) 1.52a. Particle sizes were measured from at least 30
independent particles, before averaging the values.

Scanning electron microscopy (SEM) was performed on a Zeiss Leo
1530 instrument at an acceleration voltage of 3.0kV (working
distance 2.5-5 mm). Samples were sputtered with Pt using a
Cressington Sputter Coater 208 HR. For the energy-dispersive X-ray
spectroscopy (EDXS) experiments, an UltraDry-EDX detector (Ther-
mo Fisher Scientific NS7) was used, while the acceleration voltage
was set to 15 kV (working distance 8 mm). For each sample, Ni to
Fe ratios were measured at several points, before averaging the
values.

For thermogravimetric analysis (TGA), a Netzsch STA409PC thermo-
scale in combination with a QMG421 quadrupole mass spectrom-
eter from Balzers was utilized. Data were recorded in a range from
30°C to 800°C, with a heating rate of 5°C/min in synthetic air (80%
N, 20% O,).

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
data were collected using a Bruker alpha Il in a range of 400-
4000 cm ' with a spectral resolution of 10cm ' and 200 co-
additions per scan.

“"Méssbauer spectra were recorded at room temperature using a
“'Co radiation source in a Rh matrix in a SeeCo constant
acceleration spectrometer. Isomer shifts are referred to a-Fe metal
at room temperature. Data were fit to a single line superposed on a
symmetric Hyperfine Field Distribution using a Voigt profile based
adaptive least-square routine with the WMOSS program. For the
estimation of the inversion degree X, the ratio between the areas
under the fits for the two iron sites (tetrahedral, octahedral) was
calculated. This ratio is equal to the term X/(2-X).

Electrochemical measurements were performed using a Gamry
Interface 1010B or a Gamry Reference 600+ potentiostat. A three-
electrode setup was employed utilizing a catalyst modified glassy
carbon electrode (GC, diameter 3.0 mm) equipped with an Autolab
RDE-2 working, a platinum wire counter and a reversible hydrogen
reference electrode (RHE, HydroFlex mini, Gaskatel GmbH). All
measured potentials were given against RHE. Catalyst inks were
prepared by dispersing 3.3 mg of the catalyst in a 100 pL mixture of
water, ethanol and Nafion solution (5% in aliph. alcohols, Sigma
-Aldrich) in the volume ratio of 8:1:1. Subsequently, the catalyst ink
was sonicated for 30 min and a drop of 3 pL (1.4 mg cm ? catalyst
loading) was applied to the pre-polished GC electrode surface and
was left to dry under air for 30 min. Polishing of the GC electrode
was performed with alumina suspensions (0.3 and 0.05 pm, Buehler)
for 3 min, respectively, followed by ultra-sonication of the GC
electrode in Milli-Q water for 5 min.

A 1M KOH solution (Fisher Scientific, 85.3%, used without
purification) was used as electrolyte, which was purged with N,
prior to each electrochemical experiment for 10 min. Linear sweep
voltammograms were recorded under N, atmosphere with a scan
rate of 1 mVs™' and a rotation speed of 1600 rpm. Chronopotenti-
ometry was carried out by applying a constant current of
10 mAcm ? with a rotation speed of 1600 rpm. For evaluation of

ChemElectroChem 2021, 8, 227-239 www.chemelectrochem.org

electrochemical active surface areas (ECSA), a method presented by
McCrory etal. was applied.™ First, cyclic voltammograms were
measured in a non-faradaic region (0.65-0.85V vs. RHE) with
various scan rates (100, 50, 25, 10 mVs™'). Current density differ-
ences of forward and backward scans at 750 mV were plotted
against the scan rate. The slope of the resulting linear fit is
proportional to the electrochemical double-layer capacitance cp,
and thus proportional to the ECSA. Electrochemical impedance
spectroscopy (EIS) measurements were performed at 1.6 V vs. RHE
from 100 kz-1 Hz with an amplitude of 1 mV and 10 points per
decade.
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Table S1: Label and weighted portions for the preparation of mesoporous NiFe20a.

additional agents mass / mg
label o . nickel(ll) nitrate  iron(lll) nitrate Pluronic® citric acid
P-123  Citric acid
hexahydrate nonahydrate P-123 monohydrate
without P-123/citric acid - - 116.3 323.2 - -
only P-123 X - 116.3 323.2 52.2 -
only citric acid - X 116.3 323.2 - 27141
P-123/citric acid X X 116.3 323.2 52.2 2711
;viy P-123 :my citric acid % cl’-ﬂ:l 1 sitric acid
R WL W - | R
: T = e VAR [ & 7/ TN/
savg | §F /
% g ’é i‘\//"ﬁv\/\ wd I\ o
': N . - ; \ 9 uﬂo'c‘ .: T -‘ 400 °C|
“arsec cot e & e

4000 3500 3000 2500 2000 1500 1000 500 4000 3600 3000 2500 2000 1600 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™ Wavenumber / cm™* Wavenumber / cm™

Figure S1: DRIFT spectra of mesoporous NiFe204 samples. Samples were calcined at 275 °C, 400 °C, 450 °C,
and 550 °C. The carbonate anion shows a prominent double peak at 1500 - 1700 cm™' (marked in grey). Further
signals belong to water (O-H stretching mode at ~ 3400 cm', H-O-H bending vibration at ~ 1650 cm™'), carbon
dioxide (asymmetric stretching mode at ~ 2350 cm™"), and to the NiFe204 metal oxide (~ 700 cm™ and ~ 450 cm-
1).1-4 Peaks at ~1360 cm™ and ~1500 cm™" belong to N=O containing species like NOz or nitrate.l>¢ The increasing
signal at 3699 cm' could be attributed to free O-H vibrations at the metal oxide surface.!”!

21/nm o g™ 21/nm - 21/nm

Figure S2: SAED patterns of NiFe204 samples prepared (a) only with P-123, (b) only with citric acid, and (c) with

P-123/citric acid combined, all calcined at 550 °C. They show rings consisting of many small spots, each spot arising
from a Bragg reflection from an individual crystallite. For phase-pure samples (only citric acid and P-123/citric acid),
drawn rings can be assigned to (111), (220), (311), (400), (511), and (440) reflections of NiFe204.
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Figure S3: Ni to Fe ratio of various mesoporous NiFe204 samples calcined at 275 °C, 400 °C, 450 °C, and 550 °C.
Ni to Fe ratios were estimated via EDXS. For phase-pure nickel ferrite, the expected value is 0.5. For each sample,
several points were investigated, before averaging the Ni to Fe ratios. The standard deviations are shown as error
bars. For samples prepared with only P-123, Ni to Fe ratios are lower than expected, indicating hematite impurities.
The corresponding large errors bars are related to the inhomogeneous distributions of metal cations.
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Figure S4: Mossbauer spectra of mesoporous NiFe204 samples prepared (a) only with P-123, (b) only with citric
acid, and (c) with P-123/citric acid combined, all calcined at 550 °C. Site 1 represents tetrahedral iron sites, site 2
octahedral iron sites. For the sample prepared only with P-123, a third iron site is present, since the sample is a
phase mixture of nickel ferrite and hematite. From these data, the degrees of inversion X can be calculated using
the areas under the fits for the tetrahedral and octahedral coordinated iron species, respectively.
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Figure S5: X-ray diffraction pattern (a), Raman spectrum (b), nitrogen physisorption isotherm (c), and
corresponding pore size distribution (d) of mesoporous NiFe2Os prepared without P-123 and without citric acid
(calcination temperature 550 °C).

— 7
¥4 200 nm
’

Figure S6: SEM images of mesoporous NiFe204 prepared only with citric. Samples were calcined at 275 °C (a),
400 °C (b), 450 °C (c), and 550 °C (d).

ispin e 4

Figure S7: SEM images of mesoporous NiFe204 prepared with P-123 plus citric acid. Samples were calcined at
275 °C (a, only low magnification possible due to high polymer content), 400 °C (b), 450 °C (c), and 550 °C (d).
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Figure S8: (a) Nz physisorption isotherms of samples prepared with P-123 and citric acid calcined at 600 °C, 700°C
and 800 °C and (b) corresponding pore size distributions plus cumulative pore volumes (obtained by NLDFT
analysis). The pores of the sample calcined at 800 °C are partly in a region where gas physisorption measurements

are not suitable (> 40 nm).

Table S2: Results obtained from nitrogen physisorption (Figure S8).
P-123/citric acid

600 °C 700 °C 800 °C

Specific surface area / m2 g-! 39.1 16.8 6.6
Pore width / nm 9.5/11.7 11-24 24->40

Pore volume / cm? g 0.11 0.07 0.03

Table S3: Averaged results obtained from nitrogen physisorption measurements. The averaged values of three

different samples and the standard deviation of the catalysis-relevant samples.

only citric acid P-123/citric acid
275°C  400°C 450°C 550 °C 275°C 400°C  450°C  550°C
surface area
21847 21011 178+22 44+1 68+27 207+17 199+12 675
/ m2 g-1
pore width
4.9+0.1 4.940.2 4.8+0.2 11.540.7 4.740.2 5.2+0.6 5.0+0.1 9.5+0.4
/nm
pore volume
b on 0.20+0.06 0.21£0.05 0.17¢0.05 0.13+0.01 | 0.08+0.05 0.24+0.06 0.23+0.01  0.16+0.02
cmig

42




180} a 400 °C b 400 °C Jo. o))
. i [ P-123/ citic acid 'ﬂ“_,,.,f.} 0.48 |-p-123/ citric acid ::5 -
S %_046} Jo22 ©
T 9 Ly 020 @
£ " 014 192 2
2 120 € o2 Jo1s §
& 100 T " Jo1s
(7 Eotof Joaa 3
= ] e
g i) 012 §
3 0 3 Jo.10
) Q 006 Joos S
> 40 ° k=
0.04 | 1006 ©
20+ 4004 2
0.02 - Jo02 g
0 . : . . by, 2 3
0.00 - v - 0.00
0.0 0.2 04 0.6 08 1.0 5 a - %
P/Py Pore width / nm
180 ¢ 450°C 3 2501928 o
170 4 p.123, citric acid 0.16 |-P-123/ citric acid .24
= ‘ o2t
o 3 - 014} e
> 1404 o 0.20.:2
E 1304 0412} 018 ¢
S 120 E 0.16 3
g 110 o 010 014 $
@ 100 g g
2 gg] © 0.08 | 0.12
E = o
3 804 > 0.10 o
S 701 2 0061 008 &
e So.04f 0.06 §
0.04 3
40 -
304 0.02 o6 g
20 : . : . 0.00 ; i i 0.00 ©
0.0 0.2 0.4 0.6 0.8 1.0 0 10 15 20 25
PP, Pore width / nm
e
120 1p 423/ citric acid f 550 °C "o
- P-123 / citric acid 018 [
s =
Jo1e
e = _ 006} o
S B 4014 g
o E 4042 3
= c °
L “. 004} oo >
@ £ ®
E £ Joos &
3 3 e
S T Jo0s o
Q ooz 2
° 4 0.04 K}
3
. J0.02 E
0.0 0.2 0.4 0.6 08 1.0 0.00 0.00 O
] 20 25
pipg Pore width / nm

Figure S9: Hysteresis scanning isotherms of mesoporous NiFe20s samples prepared with P-123 and citric acid

combined (a, c, ) and the corresponding pore size distribution plots analyzed via NLDFT method (b, d, f).
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Figure $10: Cyclovoltammograms of mesoporous NiFe204 samples measured at variable scan rates (100, 50, 25,

10 mV s'"). From the current density differences at 750 mV, the double-layer capacitance ccL can be estimated,

representing the electrochemical active surface area (ECSA).

The fitting provided a set of parameters like Yo, Rp, Rs and a and the capacitance was calculated

according to the following equation(®:

c

Rp

-1
— (Yo Rp)®
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Figure S11: Impedance data of the sample with P-123 and citric acid calcined at 400 °C and simulation.
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Figure S12. Long term stability test with error bars for the sample only with citric acid calcined at 400 °C. The error
was calculated on the basis of three measurements of the sample and leads to an average standard error of 19
mV.
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Figure S13. Long-term stability testing of the employed catalyst utilizing RDEs.
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Figure S14. EIS measurements with the various catalyst materials obtained at 1.6 V vs. RHE.
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3.2.  Elektrokatalytische Wasseroxidation mit NiFe.0s-Nanopartikeln

3.2.1. Synopsis

Der folgende Abschnitt beschreibt die Verwendung spharischen NiFe.Os-Nanopartikeln fiir die elektrokataly-
tische Wasseroxidation in alkalischen Elektrolyten. Der Fokus soll zudem auf den magnetischen Eigenschaften
von NiFe20q liegen. Die Veroffentlichung in Chem. Eur. J. thematisiert die schnelle und effiziente Synthese von
nanopartikuldrem NiFe204 durch eine Mikrowellen-basierte Methode. Verglichen mit der in Kapitel 3.1. disku-
tierten Templatsynthese beansprucht die Mikrowellenmethode eine Reaktionszeit von nur 30 Minuten, wahrend
die Templatsynthese aufgrund des langsamen Eintrocknens der Reaktionsmischung einige Tage bendtigt. Eine
sich anschlieRende thermische Behandlung der Nanopartikel ist zudem bei der Mikrowellensynthese optional,
um die PartikelgréRe einzustellen, was sich auch auf die katalytische Aktivitdt auswirken kann. Bei der Methode
werden Ni(acac)z und Fe(acac)s als Metall-Prakursoren eingesetzt, die vor der eigentlichen Synthese in rac-1-Phe-
nylethanol gel6st werden. Das Aufheizen erfolgt in einem geschlossenen System. Bei der Standardreaktionstem-
peratur von 225 °C entwickelt sich ein Druck von einigen bar (<10 bar). Niedrigere Temperaturen sind moglich,
allerdings sind die Pulver dann hauptsachlich amorph. Die maximal mogliche Temperatur betragt 240 °C, denn
bei noch hoheren Temperaturen kann sich metallisches Nickel am GefalRrand bilden, welches Mikrowellenstrah-
lung gut absorbieren kann,*>”! was zu einem unkontrollierbaren Temperaturanstieg fiihrt. Nach der Fillung und
der Waschprozedur kénnen die Nanopartikel temperaturbehandelt werden, um die PartikelgréRe anzupassen
und etwaige organische Reste zu entfernen. In der Veroffentlichung sind Temperaturen fir die thermische Nach-
behandlung unter Luft von 300 °C, 400 °C und 500 °C gewadhlt. Durch die Synthese kdnnen phasenreine,
sphérische NiFe;0s-Partikel mit Durchmessern von 4-11 nm und spezifischen Oberflichen von 63-243 m? g
prapariert werden. Anhand von Mdssbauerspektren, die bei 80 K gemessen wurden, lassen sich Inversionsgrade
A bestimmen, die von der PartikelgroRe abhangig sind. Es zeigt sich, dass NiFe204 nach einer thermischen
Behandlung bei 500 °C einen Inversionsgrad von 0,66 aufweist und somit ein partiell inverser Spinell ist. Allge-
mein tendiert das System bei niedrigeren Kalzinierungstemperaturen zu einer Kationenbesetzung, die vom ther-
modynamisch bevorzugten inversen Zustand abweicht. Aus theoretischen Uberlegungen ergibt sich, dass ein
normaler NiFe20s-Spinell eine gesteigerte Sattigungsmagnetisierung aufweisen misste, was im Experiment nicht
zu beobachten ist. Die maximal gemessene Sattigungsmagnetisierung bei 10 K betrigt 41,8 emu g (1,75 us pro
Formeleinheit) fiir die bei 500 °C getemperte Probe. Es zeigt sich, dass die Sattigungsmagnetisierung bei den bei
niedrigeren Temperaturen behandelten Proben deutlich reduziert ist, was mit Oberflacheneffekten zusammen-
hangt. Somit sind die magnetischen Eigenschaften des Materials dennoch tber die PartikelgréRe einstellbar. Die
Aktivitat in der Wasseroxidation hangt ebenso von der PartikelgrofRe ab. Die maximale Aktivitat wird durch eine
thermische Nachbehandlung bei 400 °C erreicht, was die niedrige OER Uberspannung von 380 mV belegt (ver-
gleiche mesoporodses NiFe204 410 mV aus Kapitel 3.1.). Bei einer hoheren Temperatur kommt es durch den Ver-
lust von Oberflache zu einem Aktivitdtseinbruch. Entgegen der Erwartung liegt das Uberpotential der kleineren
Nanopartikel, die nicht oder nur bei 300 °C nachbehandelt wurden, ebenfalls héher (487 mV und 464 mV). Dies
kénnte mit organischen Resten oder einem ungiinstigen Inversionsgrad und schlechter Leitfahigkeit zusammen-
hangen. Die Hauptaussage ist, dass die elektrokatalytische Aktivitat durch verschiedene Variationen optimiert

werden kann und ein Elektrokatalysator ein passendes Zusammenspiel verschiedener Eigenschaften bendtigt.
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Abstract: Phase-pure spinel-type magnetic nickel ferrite
(NiFe,O,) nanocrystals in the size range of 4 to 11 nm were
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wave-assisted approach. Size and accessible surface areas can
be tuned precisely by the reaction parameters. Our results
highlight the correlation between size, degree of inversion,
and magnetic characteristics of NiFe,0, nanoparticles, which
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application without changing the elemental composition.
Moreover, the application potential of the synthesized
powders for the electrocatalytic oxygen evolution reaction in
alkaline media was demonstrated, showing that a low degree
of inversion is beneficial for the overall performance. The
most active sample reaches an overpotential of 380 mV for
water oxidation at 10 mAcm™2 and 38.8 mAcm™2 at 1.7 V vs.
RHE, combined with a low Tafel slope of 63 mVdec . Y

Introduction

Electrocatalytic water splitting can be regarded as a promising
method to store electrical energy in form of hydrogen as a
sustainable green energy carrier. However, water splitting
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catalysts, the required overpotential of the OER can be
decreased significantly."? However, up-to-date benchmark
electrocatalysts like RuO, or IrO, are based on expensive and
scarce noble metals, which is the reason why recent research
focuses on their substitution.?"

Spinel-type first-row transition metal oxides (TMOs) or their
composite compounds containing nickel, manganese, iron, or
cobalt are attractive materials for the electrocatalytic oxygen
evolution reaction in alkaline media."® However, Mn-based
electrocatalysts are often neglected due to stability issues."*'"
The use of cobalt is further discussed critically due to its toxicity
hazards and limited availability."” Therefore, low cost and
highly abundant bimetallic NiFe spinel oxides with the
elemental composition NiFe,O, have gained attention in the
field of alkaline water electrolysis, combining remarkable
stability in alkaline media with excellent redox properties.">'*!
Their ferrimagnetism enables a simple way to recover the
electrocatalyst from solution, making the material interesting
for future large-scale industrial applications."”

NiFe,0, is a representative of the spinel group with the
general formula AB,O,. Typically, the inversion parameter A is
utilized to describe the particular cationic distributions in
tetrahedral and octahedral sites according to the notation
[A,;BilietlA1B;.:1504 According to thermodynamics, the typical
arrangement is either a normal spinel with an inversion degree
of A=0 (e.g. ZnFe,0,, CdFe,0,)"*"” or an inverse spinel with
A=1 (e.g. NiFe,0,, CoFe,0,),"*"” depending on cationic sizes
and crystal field splitting energies. However, deviating situa-
tions can be found for non-equilibrium conditions, for example
in the case of nanosized materials.”**" Thus, values for A of 0.6
and 0.35-0.68 were reported for sol-gel derived NiFe,0, nano-
materials by Atif etal. and Simon etal,”**! which is then
referred as a partially inverse spinel.

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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The ferrimagnetic nature of bulk NiFe,O, arises from the
magnetic moment of anti-parallel spins between ferromagneti-
cally ordered Fe’" ions (3d°, i« =5.9) located at tetrahedral voids
and ferromagnetically ordered Ni*~ (3d®, £=2.8) plus Fe’" ions
(3d°, ©=5.9) on octahedral sites. The two sublattices are
coupled antiferromagnetically, resulting in a magnetic moment
of «=2.8 per formula unit. In case of a normal spinel arrange-
ment of the cations, ferromagnetically ordered Fe®'ions (2x
3d°) would couple antiferromagnetically with the Ni*' (3d®) ions
resulting in a theoretically expected total spin of S=4 (©=8.9)
per formula unit, which is significantly higher. Consequently,
the magnetic characteristics of NiFe,0, strongly depend on the
cationic distribution, providing a simple access to tune the
magnetic properties of nanosized NiFe,0, materials, thus
establishing a widespread range of possible magnetic applica-
tions, for example in biomedicine™ or electromagnetic
devices.”

Further, preparation of nanoparticular materials enables
high surface-to-volume ratios. The increased number of active
sites and shortened charge carrier pathways make them
attractive for surface-depending processes like the electro-
catalytic water splitting.”**”

NiFe,O, nanoparticles with different morphological charac-
teristics can be prepared by manifold preparation techniques:
for example, Zhou et al. prepared NiFe,0, nanoparticles with
tuneable sizes of 10-120 nm via a low temperature hydro-
thermal method,”' whereas Wang et al. chose a solvothermal
approach in ethylene glycol producing NiFe,O, nanoparticles
with adjustable sizes of 7-200 nm.”” NiFe,0, nanoparticles with
sizes of 8-28 nm are further available using co-precipitation
methods, which is shown by Maaz et al.*” Among the various
preparation techniques, the applied microwave-assisted meth-
od offers an efficient and controlled heating, shortened reaction
times, reproducibility, and improved yields.®'-*!

Following this experimental procedure, we present a simple
one-step, non-aqueous microwave-based synthesis of magnetic
NiFe,O, nanoparticles, which is also applicable for related
compounds such as MgFe,0,, ZnFe,0,, and CaFe,0,%** The
as-synthesized powders already contain slightly nanocrystalline
NiFe,0,, while organic residues originating from the metal
precursors and the solvent can be removed easily by an
additional calcination step at moderate temperatures. Phase-
pure NiFe,0, nanoparticles can be prepared by applying the
microwave-based synthesis, with adjustable sizes and surface
areas ranging from 4-11nm and 63-243 m*g™~", respectively.
The magnetic properties of the obtained materials can be
controlled by adjusting the degree of inversion as described
above. Thorough characterization of the powders was per-
formed by transmission electron microscopy (TEM), selected
area electron diffraction (SAED), X-ray diffraction (PXRD), Raman
spectroscopy, energy dispersive X-ray spectroscopy (EDXS),
nitrogen and water vapor physisorption analysis, diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS),
thermogravimetric analysis coupled with online mass spectrom-
etry (TGA-MS), X-ray photoelectron spectroscopy (XPS), Mdssba-
uer spectroscopy, and superconducting quantum interference
device (SQUID) magnetometry. Additionally, the application

Chem. Eur. J. 2021, 27, 16990~ 17001 www.chemeurj.org
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potential of the powders was investigated for electrocatalytic
oxygen evolution in alkaline media.

Results and Discussion

Nanocrystalline spinel-type NiFe,0, particles were prepared by
a water-free microwave-assisted synthesis starting from acetyl
acetonate precursors dissolved in rac-1-phenylethanol as high
boiling point solvent. Subsequent thermal treatment was
executed to remove organic precursor residues and to adjust
the crystallize size precisely. The microwave reaction temper-
ature was set to 225°C, with subsequent calcination steps at
300, 400, or 500°C, respectively.

Morphology and crystal structure of as-synthesized as well
as calcined NiFe,O, nanoparticles were studied in detail by TEM
and SAED (Figure 1). Low-magnification TEM images generally
show randomly shaped particle agglomerates of a few hundred
nanometers consisting of small nanoparticles. Hence, the
degree of agglomeration is relatively high, which is expected,
since no stabilization strategy like surface capping was
applied.®” Lattice planes are visible in the high-resolution TEM
images, even for the as-synthesized sample. SAED patterns
further demonstrate the crystallinity even of the as-synthesized
sample, which is further increasing with the higher calcination
temperatures. Patterns of obtained nanoparticles show rings
consisting of small dots, each arising from a set lattice planes of
an individual nanocrystallite. Upon calcination, the rings/dots
are clearly more pronounced, due to the significantly higher
crystallinity. Exemplary for the sample calcined at 500°C, rings
were assigned to spinel-type NiFe,0, according to the reference
pattern (JCPDS, no. 00-044-1485).

Particle size distributions estimated via particle counting
can be fitted using a LogNormal function, demonstrating a
sharp size distribution for as-synthesized particles, peaking at
3.6 nm. As expected, particle size distributions get broader
when performing a subsequent thermal annealing procedure
due to crystallite growth. However, particle size distributions of
samples calcined at 300 and 400°C are still relatively sharp,
compared to the 500°C sample. The averaged nanoparticle size
could be estimated to be 4.9 nm (300°C), 7.3 nm (400°C), and
11.4 nm (500°C).

Syntheses of NiFe,O, are sometimes accompanied by the
formation of thermodynamically stable «-Fe,O, as secondary
phase,"” which can have a significant influence on the material
properties. Therefore, a thorough control of phase-purity by
PXRD (Figure 2a), Raman spectroscopy (Figure 2b), and EDXS
(Table S1) is indispensable.

Even as-synthesized samples exhibit relatively wide reflec-
tions in the corresponding PXRD pattern that can unequivocally
be assigned to spinel-type NiFe,0, with Fd3m space group
(JCPDS, no. 00-044-1485). By calcination, reflections get sharper,
which is consistent with an increased crystallite size. From the
integral breadth of the (220), (400), (511), and (440) reflections,
the mean crystallite domain sizes could be calculated to 4 nm
(as-synthesized), 6 nm (300°C), 7 nm (400°C), and 11 nm
(500°C), demonstrating nanocrystallinity of the samples. These

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. (HR-)TEM images (first and second column), SAED patterns (third column) plus particle size distributions (right column) of as-synthesized (a-d) and

calcined (300 °C: e-h, 400°C: i-I, 500 °C: m-p) NiFe,0, nanoparticles.

values coincide with the particle sizes obtained from TEM
analysis and display the single-crystalline nature of the NiFe,0,
nanoparticles.

The phase-purity of the prepared nanocrystals was addition-
ally investigated by Raman spectroscopy, since small amounts
of u-Fe,0; might not be detected via PXRD due to the broad
reflections caused by the nanosized crystals or the potentially
amorphous nature of this oxide. Notably, the cationic distribu-
tions in tetrahedral and octahedral sites can also be estimated
using this technique if high quality data can be obtained.""
Figure 2b shows the expected five active Raman modes of
spinel-type NiFe,0,, even before calcination: T,; (200 cm L
475cm ', 565cm '), £, (320 cm ), and A, (685 cm ').*? The
most intense A, signal can be assigned to metal-oxygen

Chem. Eur. J. 2021, 27, 16990~ 17001 www.chemeurj.org

symmetric stretching modes located in tetrahedral sites. The
additional signals (T, E;) are due to the symmetric and
asymmetric stretching and bending modes of metal-oxygen
units located in octahedral voids.*” The absence of character-
istic Raman modes of hexagonal a-Fe,O; also suggests the
single-phase nature of the prepared NiFe,0, nanoparticles.*!
The Ni to Fe ratios that were calculated from EDX spectra of
the NiFe,O, nanoparticles (Table S1, Supporting Information)
are close to the expected value of 0.5 for NiFe,0,, further
underlining the single-phase nature of the prepared nano-
particles. The correct stoichiometry reveals that use of an excess
of one precursor component in the synthesis is not necessary,
as known for MgFe,0,.°¢ As-synthesized samples exhibit higher
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Figure 2. (a) PXRD patterns of calcined samples starting from the as-synthesized powder prepared at 225 “C via the microwave-based synthesis strategy, plus
(b) corresponding Raman spectra; (c) relations between BET surface area (M), particle size (A), and crystallite size (x); (d) DRIFT spectra of corresponding
samples; (e) TG analysis of as-synthesized sample prepared at 225 °C, plus (f) H,O (solid line) and CO, (dashed line) evolution curves during heating monitored

by MS.

carbon contents compared to the calcined samples, due to
remaining organic residues from precursors and solvent.

BET surface areas of NiFe,0, nanoparticles are summarized
in Figure 2c. The maximum surface area achieved is 243 m?g™’
for the as-synthesized sample, which is an unexpectedly high
value for this type of material. As expected, BET surface areas
decrease upon calcination because of crystallite growth, which
has been proven due to enlarged nanocrystallite sizes. Samples
treated at 500 °C still exhibit a high surface area of 63 m?g~".

Further investigations by DRIFTS (Figure 2d) show metal-
oxygen vibrational modes of the spinel ferrite between 540-
470cm™' and 750-740 cm™', respectively. Apparently, these
modes are more pronounced after the additional calcination
step. For the as-synthesized samples, two prominent signals are
present at 1440-1410 cm ' and 1620-1585 cm ', which can be
assigned to carbonyl groups of precursor residues and
adsorbed water molecules. Upon calcination at 300-500°C,

Chem. Eur. J. 2021, 27, 16990~ 17001 www.chemeurj.org
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these signals mostly disappear, which corresponds to the
decomposition of these precursor-derived surface carbonyl
groups. Signals at 2350-2340 cm™', 3500-3000 cm ™', and 3700-
3690 cm™' can be attributed to carbon dioxide, water, and O—H
surface vibrations, respectively. Peaks appearing at 2980-
2930 cm™' are due to C—H vibrations.®*"'*!

The presence of surface hydrocarbons is additionally
indicated by TGA-MS of as-synthesized samples (Figure 2e and
f), revealing a significant mass loss of nearly 15% in the heating
range of 250-300°C. Still, in the range of 300-500°C samples
lose another 2% of their masses. The first mentioned mass loss
originates from the continuing decomposition of remaining
organics or carbonates, since H,0 and CO, traces are detected
by insitu MS analysis in exactly this temperature range
(Figure 2f).

Conclusively, phase-pure NiFe,0, with tuneable morphology
can be prepared by a non-aqueous microwave-assisted syn-
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thesis, coupled with subsequent thermal annealing step.
Aggregated nanocrystals exhibit sizes of 3.6-11.4 nm, resulting
in high surfaces up to 243 m’g~".

Compositions of microwave-derived NiFe,O, nanoparticles
prepared at 225 °C were investigated via XPS, considering C 1s,
O 1s, Ni 2psy,, Fe 2p,;, signals (Figure S1). High-resolution XP
spectra of Ni 2p;, and Fe 2p,, are complex due to multiplet
splitting and shake-up satellite peaks. The obtained spectra
have been fitted with the parameters for NiFe,0, as proposed
by Biesinger et al.*' Herein, FWHM and binding energies have
been allowed to relax slightly (£0.2 eV for FWHM and +£0.2 eV
and 0.4 eV for Fe and Ni binding energies, respectively) in order
to compensate for different instrumental resolutions, different
pass energies and errors resulting from charge corrections. The
measured Ni 2p;,, and Fe 2p,,, spectra are in good agreement
with the fits, indicating the presence of NiFe,0,. O 1s spectra
can be fitted with three different peaks at 529.9 eV, 531.4 eV
and 533.4 eV, which can be attributed to lattice oxygen, oxygen
atoms adjacent to defects, and oxygen from water molecules."*”
The peak at 531.4 eV is decreasing in intensity with increasing
annealing temperature, indicating that the amount of defects is
reduced by annealing in air.

Elemental compositions obtained from XPS analyses are
summarized in Table S2. Compared to the calcined samples, the
as-synthesized powders contain a significantly higher carbon
content, because of remaining organic residues. Ni to Fe ratios
in the nanocrystals are close to 0.5, which correlates well with
previous findings from EDXS.

The described microwave-based preparation route was also
performed at 200, 240, 250, and 275°C instead of 225°C,
showing that the synthesis procedure works in a temperature
range of 200-240°C (Figure S2). At 250 and 275°C, the
syntheses mostly result in the formation of additional Ni nuclei.
Since metallic Ni is an excellent microwave absorbing material,
superheating can occur, which is coupled with an unusual
pressure increase (Figure $3).*® Additionally, the time-depend-
ency of the presented synthesis strategy was studied exemplary
for a reaction temperature of 240°C (the highest possible
reaction temperature without Ni nuclei formation and super-
heating effects). Therefore, the reaction time was varied

between 5-30 min. Corresponding PXRD patterns of the as-
synthesized nanopowders are presented in Figure S4. Already
after 5 min, extremely wide reflections with low intensities of
spinel-type NiFe,O, are observable, demonstrating very small
crystallites already forming after this short reaction time. With
increasing reaction times, samples become more and more
crystalline, which is demonstrated by the increasing crystallite
sizes and decreasing BET surface areas (Figure S5). Comparable
microwave-based experiments were performed for ZnFe,O,
spinels by Dolcet etal.,”” obtaining highly crystalline phase-
pure ZnFe,0, nanoparticles already after 5 min of reaction time.
Due to restricted yields at 200°C and the potential danger of
superheating at 240 °C, the standard reaction temperature was
chosen to be 225 °C for full analysis.

In the thermodynamically most stable state, the crystal
structure of NiFe,O, can be described as inverse spinel with an
inversion degree of 2= 1. The anti-parallel spin arrangement of
cations located in tetrahedral and octahedral sites results in the
overall ferrimagnetic nature of the Neél collinear type.***® Non-
equilibrium conditions can be induced by preparing nanosized
NiFe,O, materials, resulting in a deviation of cationic distribu-
tions (0<A<1), which is then referred as partially inverse
spinel. Cationic distributions of such iron-based spinels can be
estimated by “Fe M&ssbauer spectroscopy, which was per-
formed at 298K and 80K for microwave-derived NiFe,O,
nanoparticles prepared at 225°C (Figure 3). For the inverse
spinel NiFe,O, with a permanent magnetic moment, a magnetic
hyperfine splitting into two sextets is expected, corresponding
to Fe*~ cations located in tetrahedral and octahedral voids,
respectively. At room temperature, Mossbauer spectra of the
nanoparticles depend strongly on the synthesis conditions. The
as-synthesized sample shows two very similar doublets with an
isomer shift & of 0.35 mm/s (both) and a quadrupole splitting
AE, of 098 and 0.55mm/s, respectively,”" indicating the
presence of Fe*” in tetrahedral and octahedral sites and
superparamagnetic behavior. A reliable assignment of the
doublets to the different sites and thus determination of & is
not possible with the data available. A subsequent thermal
annealing step at temperatures of 300 or 400°C does not
change the described situation significantly. A calcination
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temperature of 500°C is necessary to observe a sextet due to
the magnetic hyperfine splitting in the room temperature
Mossbauer spectrum. The increased particle size results in a
reduced fluctuation of the magnetization and the magnet-
ization reversal is now slow compared to the time resolution of
the Mossbauer spectrum. Please note that the blocking temper-
ature for the magnetization reversal determined by magnetic
measurements, which will be shown below, is lower due to the
different time scales of the two methods. Notably, the sextet is
a superposition of two individual sextets arising from Fe®

cations located in tetrahedral and octahedral sites. The above
findings suggest changing cationic distributions and blocking
temperatures by varying nanoparticle sizes. From the relative
areas of these sextets, the inversion degree 1 can be
determined approximately, by equalizing the areas (tetrahedral,
octahedral) with the term 1/(2-4).%” For this purpose, measure-
ments were repeated at 80 K. Here, the sextets become
observable for the three calcined samples, showing that the
blocking temperatures are above 80 K on the Mdssbauer time
scale. The estimation of 4 is only meaningful for samples
calcined at 400 and 500°C. For the sample calcined at 300°C
the small particle size leads to a significant broadening of the
lines due to the iron centers at the surface that prevent a
reliable determination of the areas. Obtained values for A
(400°C:0.30, 500°C:0.66) suggest the presence of partially
inverse spinels and further underline the strong relation
between nanoparticle size and cationic distributions. A higher
calcination temperature results in a more inverse NiFe,O, spinel,

which is in agreement with thermodynamics. Thereof, cationic
distributions of NiFe,O, nanoparticles are easily adjustable by
the chosen calcination temperature. Further details obtained
from *Fe Méssbauer spectroscopy (isomer shifts, quadrupole
splittings, internal magnetic fields) are summarized in Table S3.

Magnetization curves of NiFe,O, nanoparticles measured at
300K and 10K obtained by SQUID magnetometry are pre-
sented in Figure4a and b. To include the mass portion of
diamagnetic components, original data sets were corrected by
22.0% (as-synthesized), 3.6% (300°C), 1.5% (400°C), and 0.8%
(500°C), which is in accordance with TGA analysis (cf. Figure 2e).
Uncorrected magnetization plots are additionally presented in
Figure S6. The saturation magnetizations M (with/without mass
correction) are further summarized comparatively in Table 1.
Determined M values are generally higher for the 10K
measurements compared to the room temperature measure-
ments, indicating that complete saturation is not reached at
room temperature. Additionally, magnetization curves taken at
10K feature a narrow hysteresis, in line with the determined
blocking temperature that is for all samples above 10K.
Comparing the differently treated samples, the saturation
magnetizations estimated at 300 K and 10 K increase with the
calcination temperature by tendency. The as-synthesized par-
ticles exhibit a saturation magnetization of 14.6emug ',
compared to 41.8 emug ' of samples treated at 500°C. This is
in line with the increase in particle size. Effects like surface
spins, spin canting, spin glass structures, and dead layers,
depending mainly on the size of NiFe,0, nanoparticles, may
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Figure 4. Mass loss corrected magnetization curves of NiFe,0, nanoparticles at 300 K (a) and 10 K (b), measured via SQUID magnetometry. The field-cooled
(FCM) (applied field 100 Oe) and zero-field-cooled magnetization (ZFCM) curves are shown in (c), the corresponding d(ZFC-FC)/d(T) plots in (d). Here, the local

maxima represent the blocking temperatures.
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Table 1. Saturation magnetization at 20 kOe obtained from SQUID magnetometry experiments. The assumed unit cell is NigFe,;;0;, with M—
1875.05 gmol .
size/nm 300K 10K
M/emug ' M, (corr)/emug ' M/Kemumol ' MJemug ' M, (corr)/emug ' M/Kemumol '

as-synthesized 3.6 7.2 8.8 16.6 1.9 14.6 27.3

300°C 49 16.6 17.2 323 214 222 41.6

400°C 73 15.5 15.7 29.5 20.0 203 38.0

500°C 14 36.3 36.6 68.5 414 41.8 783

contribute to the significantly changed, for smaller particles
usually reduced, magnetic properties.”® However, for samples
treated at 300 and 400°C a deviation from this trend is
observed; the saturation magnetization after calcination at
300°C is higher (22.2 emug™) than after calcination at 400°C
(20.3 emug™') and does not go in line with the particle size.
This indicates a change in the inversion degree already at those
temperatures, thus 2 (300°C) < 4 (400°C).

Using Neel's sublattice theory, the calculated saturation
magnetization of bulk NiFe,O, (thermodynamically stable state)
is 50 emug 'Y According to Ms=~N,S, this value strongly
depends on the expected total spin per formula unit, a reduced
A will lead to an increased saturation magnetization. With 4
=0.66 after calcination at 500°C and a particle size of 11.4 nm,
a comparison with the achieved saturation magnetization
indicates that near-bulk magnetization is reached despite the
small nanocrystals size of NiFe,0,. A relation of the magnetic
properties with both, inversion degree and nanoparticle size, is
therefore obvious. Thus the magnetism of ultrasmall NiFe,0,
nanoparticles is reduced due to the large particle surface, but
the changed cationic distributions can counteract this effect,
which was shown already for NiFe,0,%*** and other spinel-type
materials, like MgFe,0,°" or CoFe,0,.5”

The field-cooled (FCM) and zero-field-cooled (ZFCM) mag-
netization curves are depicted in Figure 4c. Blocking temper-
atures T, could be estimated via the d(ZFC-FC)/d(T) plots shown
in Figure 4d. ZFCM-FCM plots of magnetic NiFe,0, as-synthe-
sized nanoparticles and those calcined at 300°C and 400°C
show the expected behavior for soft magnetic nanomaterials
with narrow particles size distributions.”® However, ZFCM-FCM
curves exhibit differences depending on the particle size. The
d(ZFC-FC)/d(T) plot of the as-synthesized powder is character-
ized by a sharp signal with a maximum at 30K, giving the
mandatory temperature for the spin flip, which is referred as
blocking temperature Tz Thermal treatment results in a signal
broadening, which correlates to the loss of particles size
homogeneity (cf. Figure 1d,h,l,p) and an increasing degree of
magnetic anisotropy. Blocking temperatures of calcined sam-
ples could be estimated to 67 K (300°C), 64 K (400°C), and 147-
175 K (500°C). For the particles calcined at 500°C the signal is
very broad indicating a significantly broader particle size
distribution. A relation between blocking temperature and
calcination temperature/particle size is obvious. When perform-
ing Mossbauer spectroscopy at 80 K (cf. Figure 3b), the blocking
temperature is near or above 80K for all calcined samples,
resulting in sextets due to magnetic hyperfine splitting. Since
as-synthesized particles feature a blocking temperature of 30 K,
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only a doublet due to superparamagnetism can be observed at
80K.

To conclude, particle size, crystallite size, surface area, and
following cationic distributions can easily be controlled by the
synthesis conditions. Consequently, the magnetic properties of
nanoparticular NiFe,0, strongly depend on the subsequent
thermal annealing procedure. By adjusting particle sizes
precisely, inversion degree and magnetic characteristics of
obtained NiFe,0, nanomaterials can be tailored for any
particular application.

Alongside the magnetic applications, NiFe,0, is a promising
material to catalyze the oxygen evolution reaction, combining
remarkable surface areas (in case of nanoparticle or mesopo-
rous morphology) with an outstanding stability in alkaline
media. For electrochemical oxygen evolution to take place at
NiFe,0, nanoparticles, the presence of a preferably bulk hydro-
philicity and wettability is beneficial.*® Therefore, water vapor
physisorption isotherms of NiFe,0, nanoparticles prepared at
225°C were recorded (Figure S7a) and for better comparison
corrected with regard to the respective specific BET surface area
(Figure S7b). For a metal oxide, NiFe,0, nanocrystal powders
generally exhibit relatively high water vapor uptakes of
0.77 cm*m™2 (as-synthesized), 1.00 cm*m™~? (300°C),
1.63 cm’m™ (400°C), and 2.16 cm’m™ (500°C) at a relative
pressure of 0.95 (95% humidity).* Thus, a higher calcination
temperature results in a higher overall water uptake, which can
be correlated to the decomposition of hydrophobic carbon
surface residues (cf. Figures 2e and f). From this point of view,
the calcination of NiFe,0, powder further promotes the
applicability in electrochemical water splitting.

The ferrimagnetism of spinel-type NiFe,O, enables a simple
method to recover the electrocatalyst for catalyst reuse. Due to
nanostructuring, an improved electrical conductivity is ensured,
which is also beneficial for electrocatalysis.”"*? Hence, the
application potential of NiFe,O, nanocrystals for the oxygen
evolution reaction (OER) was investigated, examining the
influence of surface area and crystallinity on the overall activity
in detail. For this purpose, a glassy carbon (GC) electrode
modified with 0.35 mgcm™ NiFe,0, was used as working
electrode. Experiments were performed under alkaline condi-
tions (1M KOH). To compare surface areas obtained by
physisorption measurements with the corresponding electro-
chemical active surface area (ECSA), cyclic voltammetry data
measured at various scan rates in the non-faradaic region (1.31-
141V vs. RHE) were considered (Figure S8). Differences of
forward and backward scans at 1.36 V vs. RHE were plotted
against the scan rate (mVs '). Linear extrapolation of the data
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Figure 5. Electrochemical characterization of microwave-derived NiFe,O, nanoparticles prepared at 225 °C. (a) Estimation of the electrochemical double-layer
capacitance ¢, as slope of the linear fit, which is proportional to ECSA, (b) Linear sweep voltammograms (LSV) without iR compensation measured with a scan
rate of 50 mVs™' in 1 MKOH, corresponding Tafel plots are further shown in (c). EIS Nyquist plots of electrodes at applied potential (1.7 V vs. RHE) are

presented in (d).

points gives the electrochemical double-layer capacitance c;, as
slope. Normalization on the surface area of the GC electrode
(0.071 cm?) and division of ¢, with the specific capacitance (cs,
typical value 0.03 mFcm? for alkaline solutions) finally gives the
electrochemical active surface area (Figure 5a).>*>* Parameters
obtained from electrochemical measurements are further
summarized in Table 2. As-synthesized nanoparticles exhibit an
electrochemical active surface of 3.27 cm’ Upon calcination,
ECSA values decrease, which can be correlated to the enlarged
crystallite size. These observations go in line with a decreased
BET surface area (cf. Figure 2c). Comparing as-synthesized and
500°C samples, the electrochemical active surface decreases by
81% (3.27 cm? vs. 0.62 cm?), comparable to the observed BET
surface area change by likewise 73% (243 m*g™" vs. 63 m*g™").
Interestingly, samples treated at 300 and 400°C exhibit
comparable ECSA. Linear sweep voltammograms (LSVs) of

Table 2. Parameters obtained from electrochemical investigations on
NiFe,O, nanoparticles prepared at 225°C. The overpotential for the oxygen
evolution reaction was read at a current density of 10 mAcm °.

Overpotential/mV  Tafel slope/mVdec™’  ECSA/cm?

NiFe,O,-modified glassy carbon working electrodes presented
in Figure 5b reveal a dependency of the OER activity and
morphology. The current densities read at 1.7V vs. RHE are
8.7 mAcm™’ (as-synthesized), 10.8 mAcm™ (300°C),
388 mAcm™ (400°C), and 3.4 mAcm™ (500°C). Accordingly,
NiFe,O, nanoparticles calcined at 400°C show the highest OER
activity. Apart from that, the as-synthesized and 300°C samples
perform worse compared to the sample calcined at 400°C.
Thus, observed activities partly mismatch the estimated electro-
chemical double-layer capacitances, providing that other factors
also influence the activity for the electrocatalytic water
oxidation. The reason for the relatively low OER activity of the
uncalcined sample is the organic surface coating, which
originates from precursor (acetylacetonate) and solvent (rac-1-
phenylethanol) residues, decreasing the surface hydrophilicity
significantly. Notably, a calcination temperature of 300°C is not
sufficient to remove these organic surface layers, contrary to
400°, which is reflected by the significantly increased OER
performance at 400°C. Interestingly, the breakdown in activity
towards the sample calcined at 500 °C not only correlates with a
lower BET surface area, but also with the doubling of the
degree of inversion observed from Mo&ssbauer spectroscopy
(0.30 to 0.66, cf. Figure 3). For NiFe,0, nanoparticles, a more

as-synthesized 487 148 3.27 5 3 2t .

300°C 264 103 128 inverse spinel §eems toilow‘er the a@mty f9r the electrc?catalytlc
400°C 380 63 152 oxygen evolution reaction in alkaline media. Such an influence
500°C 539 125 0.62 of /2 on the OER activity was earlier observed for spinel
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manganese ferrite (MnFe,0,) nanoparticles.™ Since both mag-
netic properties and OER activity are therefore correlated to the
inversion degree, 41 can be considered as one key factor to
establish a function-tailored spinel-type material.

To sum up, a thermal annealing step at moderate temper-
atures like 400°C results in the maximum activity, but higher
calcination temperatures result in a breakdown of activity,
which is influenced by a lower surface area® and an increased
degree on inversion. Overpotentials (at 10 mAcm ?) of 487 mV
(as-synthesized), 464 mV (300°C), 380 mV (400°C), and 539 mV
(500°C) are acceptable values for the electrocatalytic water
oxidation, and further go in line with previous results. From this
point of view, an energy-consuming annealing step at temper-
atures higher than 400°C is not recommended for a high
electrocatalytic activity. The potential-dependent kinetics of the
oxygen evolution reaction (OER) with NiFe,0, nanoparticles
were studied via Tafel analysis (Figure 5¢). Tafel slopes of
148 mVdec™’ (as-synthesized), 103 mVdec™ (300°C),
63 mVdec ' (400°C), and 125 mVdec ' (500°C) reveal favorable
kinetics for the oxygen evolution reaction, especially for nano-
particles calcined at 400°C. In addition, electrochemical impe-
dance spectroscopy on material electrodes was performed
(Figure 5d). NiFe,O, nanoparticles calcined at 500°C possess a
relatively high resistance, which could be correlated to the
slightly increased crystallite size but can ultimately be corre-
lated to the larger degree of inversion of the spinel as well as to
their altered magnetic behavior, resulting in a decreased activity
for electrocatalytic water oxidation. When the calcination
temperature is reduced to 400°C, the resistance is much lower,
which can be correlated to the remarkably better performance
of the corresponding sample. The sample calcined at 300°C
shows a similar resistance comparable to samples calcined at
400 and 500°C, although the particle size is smaller. However, a
carbon layer on the nanoparticle surface seems to influence
their electrocatalytic behavior. The as-synthesized particles
exhibit the lowest resistance of all samples, possibly due to the
smallest particle surface, which contradicts to the worse OER
performance. However, the four samples show quite small
Nyquist arcs (50-140 ), indicating a fast charge transfer at the
interface of electrode and electrolyte for high performance.

For future industrial applications, stable performances over
longer periods of time are essential, combined with high
activities. Therefore, a chronoamperometric long-term stability
test was performed with the most active 400 °C-treated sample.
Therefore, a constant potential of 1.56 V vs. RHE was applied,
which is near to the experimental onset (overpotential) of the
sample (Figure S9). In the first three hours, it is obvious that
there is a significant increase in the current density, which
might be attributed to the electrochemical activation of the
electrode, which were not conditionalized by cyclic voltamme-
try prior to chronoamperometry. After the activation process, a
fast current density drop can be observed, before reaching a
relatively constant level after around 10 hours. After one day,
the current density is reduced to 38%, compared to the start. A
part of the current density loss originates possibly from the
detachment of the catalyst from the electrode surface during
the long-term stability test. Notably, after the course of the

Chem. Eur. J. 2021, 27, 16990~ 17001 www.chemeurj.org

16998

experiment, fine particles could be observed in the electrolyte
visually.

To outline the electrochemical measurements, microwave-
derived NiFe,O, nanoparticles synthesized at 225°C are able to
electrocatalyze the oxygen evolution reaction. The overall
performances are strongly influenced by the subsequent
thermal annealing procedure, with samples treated at 400°C
being the most active nanocrystals, reaching an overpotential
of 380 mV for water oxidation. Thus, a high surface area
combined with a low crystallinity and suitable bulk hydro-
philicity seem to be key factors for a high performance in the
oxygen evolution reaction. However, a temperature treatment
at 400°C is necessary to achieve the maximum activity. In fact,
temperature treatment below 400 °C or omitting the calcination
step entirely results in smaller particle sizes, but carbon residues
originating from the synthesis procedure are not decomposed
completely, hindering the electrocatalytic water oxidation.

Conclusions

We introduced a non-aqueous microwave-assisted sol-gel syn-
thesis for the preparation of NiFe,0, nanocrystals. The reaction
operates in a temperature window of 200-240°C, yielding
crystalline nanopowders directly after the synthesis. By a
subsequent thermal annealing step at 300-500 °C, the morphol-
ogy of the nanoparticles can be tuned preciselyand their
surface area is also cleaned from residual hydrocarbon
impurities. Applying for example a reaction temperature of
225°C, phase-pure spinel-type NiFe,O, nanoparticles with sizes
of 3.6-11.4nm and surface areas 63-243m’g~" can be
produced.

Due to the preparation of such ultrasmall NiFe,O, nano-
crystals, non-equilibrium site occupations can be found, which
is indicated by changed cationic distributions. The structure
changes from a complete inverse spinel (thermodynamically
stable state) to a partially inverse spinel upon nanostructuring.
Due to the changed occupation of tetrahedral and octahedral
sites in the NiFe,0, nanoparticles, the magnetic properties can
be tailored precisely by adjusting the degree of inversion. Thus,
NiFe,0, nanocrystals are applicable for a widespread range of
magnetic applications.

In addition, NiFe,0, nanoparticles were tested for their
ability to perform the electrocatalytic oxygen evolution reaction
in alkaline media. Keeping the composition of the materials
constant, the influence of morphology, crystallinity, and degree
of inversion on the activity was investigated, revealing that
heating above 400°C is not necessary to get high electro-
chemical activity. Moreover, we can correlate the breakdown in
activity at higher calcination temperatures to the higher degree
of inversion of the spinel crystal. The most active sample, which
was treated at 400°C, reaches a remarkable activity (over-
potential 380 mV, Tafel slope 63 mVdec'). It is worth to
mention that in context of recent literature about NiFe,O, in
water oxidation electrocatalysis, and although we used unmodi-
fied and phase-pure NiFe,O, nanoparticles, our as-synthesized
materials exhibit a comparable performance (Table S4). No
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strategies  like faceting,””  modification  with  other

compounds,® surface functionalization,®” or introduction of
vacancies”® were applied, underlining the high potential of our
facile synthesis to prepare active electrocatalysts and showing
the importance of the inversion degree, A on the overall
performance.

Experimental section

For each synthesis of NiFe,O, nanoparticles, 128.5 mg (0.5 mmol)
Ni(acac), (SigmaAldrich, for synthesis) and 353.2mg (1 mmol)
Fe(acac); (Acros Organics, -+ 99 %) were dissolved in 15 mL of rac-1-
phenylethanol (SigmaAldrich, 98%) using ultrasonication. The
obtained solution was transferred into a 30 mL borosilicate micro-
wave glass vessel. The solution was then heated as fast as possible
to a maximum temperature of 200-275°C (standard 225°C) for
typically 30 min using microwave irradiation (Anton Paar Mono-
wave 400 equipped with MAS24 autosampler) under constant
stirring (600 rpm). Next, the reaction mixture was cooled down to
55°C using compressed air. To study the influence of the reaction
time, the reaction was performed additionally for 5-25 min (5 min
steps) at 240°C. Obtained nanoparticles were precipitated with n-
pentane and washed for three times with water/acetone mixtures
(3:1,12:1, 12:1) and diethyl ether. The resulting powder was dried
at 80°C overnight. To remove remaining organic residues and to
adjust the crystallite size, the as-synthesized samples were further
calcined in a Nabertherm muffle furnace under air atmosphere at
300/400/500°C (heating rate 5°C/min, holding time 5 h).2**"!

Characterization techniques

Transmission electron microscopy (TEM) and selected area electron
diffraction (SAED) were performed on a 200 kV JEOL-JEM-2200FS
EFTEM with Schottky FEG and In-Column Omega Energyfilter from
JEOL GmbH. For sample preparation, samples were dispersed in
ethanol (Merck, LiChrosolv®, gradient grade for liquid chromatogra-
phy), before dropping a small amount of the dispersion on a carbon
film coated Cu TEM grid (200 Mesh). Images were edited using
ImageJ 1.52a.

X-ray powder diffraction (PXRD) was measured with a Malvern
PANalytical Empyrean device equipped with a PixCel 1D detector
using Cu Ka radiation (wavelengths 2,=1.54046 A and 2,=
1.54439 A). Acceleration voltage and emission current were set to
40 kV and 40 mA, respectively. Data were collected in a range of
10-70° 26, with a step size of 0.144° and a scan step time of 883 s.
To minimize X-ray fluorescence, detector pulse height distribution
(PHD) settings were changed to 8.05keV (lower level) and
11.27 keV (upper level). From PXRD data, the crystallite domain size
could be estimated using the integral breadth 37" Therefore, 20
values were transformed to units of s (s=(2sin@/2). Then, dividing
the area under an individual reflection by its height gives the
integral breadth f,,, which is the reciprocal of the crystallite size
Ly

Raman spectra were collected on a LABRAM | Raman spectrometer
from Horiba Jobin Yvon GmbH, additionally modified with an
Olympus BX41 microscope (50x magnification). A HeNe laser (1=
632.82 nm) was utilized, operated with a power of 2 mW. For each
sample, three spots were measured with 15 s integration time and
10 co-additions. Subsequently, individual spectra were averaged,
normalized and smoothed using a FFT filter. Data were measured
within a range of 100-1000 cm™ with a step size of 1.02 cm™.
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Energy-dispersive X-ray spectroscopy (EDXS) experiments were
performed using a Zeiss Leo 1530 instrument equipped with an
UltraDry-EDX detector (ThermoFisher Scientific NS7). A working
distance of 8 mm was applied, while the acceleration voltage was
set to 15 kV in order to detect Ni, Fe, and O. Prior to the analysis,
samples were sputtered with 1.3-2 nm of Pt with a Cressington
Sputter Coater. For each sample, four points were investigated,
before averaging the values, with the standard deviation as error
bar.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
was measured on Bruker alpha Il device within a range of 400-
4000 cm™', applying a spectral resolution of 10 cm™ and 200 co-
additions for a single scan.

Surface areas were estimated with N, at 77 K using an Anton Paar
QUADRASORB evo surface area & pore size analyzer. For surface
area evaluation, the BET (Brunauer-Emmett-Teller) theory was
applied. Prior to the measurements, samples were degassed in
vacuum at 120°C for 12 h to remove surface adsorbed water.

Volumetric H,O vapor physisorption measurements were performed
with the ASIQMP-MP-AG setup (Anton Paar QuantaTec, Boynton
Beach, USA) at 20°C and constant p,=2317.67 Pa (17.384 Torr). The
samples were also degassed at 120°C for 12 h prior to the
measurement.

Thermogravimetric analysis (TGA) in synthetic air was carried out
on a Netsch Jupiter STA 449 C thermo-balance, additionally coupled
with a Netzsch Aeolos QMS 403 C mass spectrometer (MS). Data
were collected in a range of 30-1000°C with a heating rate of
5°Cmin~". MS traces of H,0 (m/e 18) and CO, (m/e 44) were
recorded.

X-ray photoelectron spectroscopy (XPS) was performed with a
Physical Electronics PHI VersaProbe Ill Scanning XPS Microprobe
equipped with a monochromatic aluminum Ka source in the
KeyLab “Device Engineering” of the Bavarian Polymer Institute (BPI).
Survey scans were measured with a pass energy of 224 eV, a step
size of 0.8 eV and a time of 50 ms per step, whereas high-resolution
spectra were recorded with a pass energy of 26 eV, a step size of
0.1 eV and a step time of 50 ms; beam diameter was set to 100 um
for all measurements. All samples were flooded with low energy
electrons and argon ions to prevent surface charging. Argon ion
sputtering before measuring was omitted to prevent reduction of
iron and nickel species.*” The recorded data was evaluated with
CasaXPS using Gaussian-Lorentzian GL(30) line shapes and Shirley
backgrounds; the C 1s signal was set to 284.8eV for charge
correction.

’Fe Mossbauer spectroscopy at room temperature and 80 K was
performed on a SeeCo constant acceleration spectrometer with
temperature controller, equipped with a *’Co source in a Rh matrix.
Isomer shifts are referred to «-Fe at room temperature. Data sets
were fitted with the WMOSS program by applying a Voigt profile-
based (hyperfine field distribution) or Lorentzian profile-based
(quadrupole doublets) least-square routine.

Magnetic experiments were performed on a superconducting
quantum interference device (SQUID) MPMS-XL5 device from
Quantum Design. Samples were measured in gelatin capsules held
in a plastic straw. Field measurements at 10 and 300K were
performed from 0.1 to 20 to —20 kOe in the hysteresis mode (step
width 0.5 kOe). The scans were corrected for the diamagnetism of
the sample holder and the sample mass loss during calcination,
which was estimated via TGA. ZFCM/FCM (zero-field-cooled/field-
cooled magnetization) curves were collected at 0.1 kOe from 10 to
300/400 K and back to 10K in the sweep mode with a velocity of
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5 Kmin . For this purpose, samples were first cooled in the SQUID
cavity without applying an external magnetic field.

For OER measurements, a conventional three-cell with a glassy
carbon electrode-coated with the catalyst was used as working
electrode, saturated calomel electrode (SCE) as reference electrode,
and platinum wire as counter electrode. For preparing the working
electrodes, 5 mg of the catalyst was dispersed in a water/ethanol
mixture (950 pL, 3:1 v/v) under sonification for 30-minutes,
followed by adding Nafion (50 uL, 5wt%) with a sonification
process for another 1 h to afford a homogeneous ink. The ink was
dropped onto the surface on the glassy carbon electrode with a
geometric area of 0.071 cm’ and dried at room temperature. LSV
was performed at a potential range between 0.0V and 1.0 V vs. SCE
for the OER with a scan rate of 50mVs ' in 1 MKOH. The
overpotential was determined at a current density of 10 mAcm 2
The electrochemical impedance spectroscopy (EIS) was performed
at 0.7 vs, SCE from 0.01 to 20 kHz. The cyclic voltammetry (CV) data
were collected at the potential range from 0.3 to 0.4V vs. SCE at
different scan rates (10, 20, 40, 80, 100, and 150 mVs ') to calculate
the electrochemical double-layer capacitance, which is proportional
to ECSA. The collected potential versus the reversible hydrogen
electrode (RHE) was calculated according to the following formula:
E(RHE) =E(SCE) + 0.241 V +0.059 V*pH.
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Table S 1: Elemental compositions of NiFe:Os nanoparticles prepared at 225 °C with the
microwave-assisted synthesis strategy, estimated via EDXS. From each sample, four spots were
investigated, showing averaged values with standard deviations as error bars.

C/at% O/at% Fe/at % Ni/at % Ni:Fe ratio

as-synthesized 13.5(5.9) 54.2 (6.5) 22.5(5.3) 9.6 (1.6) 0.43 (0.03)
300 °C 9.5(2.2) 51.0 (1.6) 27.7 (1.9) 11.8(0.8) 0.42 (0.00)
400 °C 5.5 (0.9) 52.1 (2.1) 29.3 (1.9) 13.2(0.7) 0.45 (0.03)
500 °C 7.7 (3.7) 46.8 (2.4) 31.8 (4.5) 13.8 (1.5) 0.44 (0.02)

Table S 2: Elemental compositions of NiFe:0s nanoparticles prepared at 225 °C with the

microwave-assisted synthesis strategy, estimated via XPS.

C/at% O/at% Fe/at % Ni/ at % Ni:Fe ratio
as-synthesized 29.0 48.3 15.1 ¥R 0.50
300 °C 23.4 50.1 17.8 8.7 0.49
400 °C 235 50.5 17.7 8.3 0.47
500 °C 23.1 494 18.6 9.0 0.48
Table S 3: Parameters obtained from ’Fe Mossbauer spectroscopy.
298 K 80 K
fit &/ AEa/ Bo/ Rel. 6/ AEa/ Bo/ Rel.
mms!' mms'! T Area | mms' mms! T Area
1 0.35 0.98 - 0.45 0.46 1.47 - 0.32
sym:;zed 2 0.35 0.55 . 055 | 0.46 0.63 0.68
overall 0.35 0.64 - 0.46 0.66 -
1 0.33 0.98 - 0.32 0.43 - 48.2 0.26
300 °C 2 0.33 0.49 - 0.68 0.43 - - 0.74
overall 0.33 0.55 - 0.43 - 47.6
1 0.32 1.56 - 0.24 0.46 - 54.1 0.15
400 °C 2 0.32 0.53 < 0.76 0.46 = 50.0 0.85
overall 0.32 0.54 - 0.46 = 50.8
1 0.28 - 50.4 0.25 0.36 - 54.8 0.33
500 °C 2 0.28 - 47.0 0.75 0.36 - 50.2 0.67
overall 0.28 - 47.5 0.36 - 54.1
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Table S 4: Comparison of the oxygen evolution performance of microwave-derived NiFe204
nanoparticles from this work with other recently reported spinel NiFe20, electrocalalysts.

Overpotentials are estimated at a current density of 10 mA cm™.

description synthesis calcination  overpotential ~ Tafel slope  electrolyte  ref.
particles hydrothermal 800 °C 570 mV 93 mV/dec 0.1IMKOH [
) solution blow
fibres L 800 °C 433 mV 134 mV/dec 1.0MKOH @
spinning
mesoporous soft templating 400 °C 410 mV 50 mV/dec 1.0MKOH Bl
nanoparticles hydrothermal,
o - 389 mV 64 mV/dec 1.0MKOH ©
(O deficient) Ho treatment
particles sol-gel 700 °C 381 mV 47 mV/dec 1.0MKOH B
thermal
nanorods ) 350 °C 342 mV 44 mV/dec 1.0MKOH [
decomposing
nanoparticles sol-gel 500 °C 290 mV 42mV/dec 1.0MKOH [
electro-
quantum dots B - 262 mV 37mV/dec 1.0MKOH @
deposition
this work microwave 400 °C 380 mV 63 mV/dec  1.0M KOH -
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Figure S1: XP spectra fits of the C 1s, O 1s, Ni 2pa32, plus Fe 2ps; core levels of as-synthesized
(a-d) and calcined (300 °C: e-h, 400 °C: i-l, 500 °C: m-p) NiFe-O4 nanoparticles.
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Figure S2: PXRD patterns of as-synthesized NiFe:0s nanoparticles prepared at different
temperatures via the microwave-based synthesis. For better comprehensibility, intensities were
normalized with respect to the most intensive reflection at 35.6 © 26. At 250 and 275 °C, a Ni metal
by-phase can be observed. Here, Ni nuclei form during microwave treatment. Since metallic Ni
is an excellent microwave absorbing material, superheating occurs, coupled with an unusual
pressure increase. Another result of superheating is an increased crystallinity, which is reflected
by sharpened reflections. The possible temperature range of the synthesis is therefore
200-240 °C.
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Figure S3: Microwave data (temperature measured via IR sensor, evolved pressure, and applied
power) of a run performed at 250 °C. The unusual pressure increase beginning after approx.
15 min origins in superheating processes due to metallic Ni deposits, which are excellent
absorbers of microwave irradiation. At the standard reaction temperature of 225 °C, the pressure
stays constant during the whole reaction time.
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Figure S4: PXRD pattern of as-synthesized NiFe;O4 nanoparticles prepared at a temperature of
240 °C in the microwave-based synthesis. For better comprehensibility, intensities were
normalized with respect to the most intensive reflection at 35.6 ° 26. In this experiment, the
reaction time was changed in a range of 5-30 min within steps of 5 min.
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crystallite sizes of as-synthesized NiFe.04 nanoparticles prepared at 240 °C. The reaction time
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Figure S9: Chronoamperometric long-term stability tests at applied potential (1.56 V vs. RHE)
with two different electrodes in 1M KOH solution. For both experiments, the most active sample
(calcination at 400 °C) was considered.
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3.3. Magnetische Untersuchungen und strukturelle Analysen an MnFe;0s-Nanopartikeln

3.3.1. Synopsis

Die in Kapitel 3.2. dargestellte Mikrowellen-basierte Darstellung von NiFe;0s-Nanopartikeln Idsst sich mit einigen
Anpassungen auf weitere oxidische Eisenspinelle ibertragen, was in der vorliegenden Publikation in der Zeit-
schrift fiir anorganische und allgemeine Chemie anhand des Beispiels von Manganferrit (MnFe204) gezeigt wird.
Als Prakursor fUir Mangan wird hierbei Mn(acac): eingesetzt. Die Mikrowellenbehandlung erfolgt im Falle von
MnFe204 bei 250 °C. Die Synthese fiihrt ebenfalls zu spharischen Nanopartikeln mit einem Durchmesservon 6 nm
und einer spezifischen Oberfliche von 145 m? g1, Réntgendiffraktogramme und transmissionselektronenmikros-
kopische Aufnahmen beweisen, dass es sich um nanokristalline Partikel handelt. Im Gegensatz zum strukturellen
Analogon NiFe;0s ist eine thermische Behandlung unter Luft zur Einstellung der PartikelgroBe kritisch. Unter-
suchungen mit der PDF-Methode (englisch pair size distribution function), welche aus einem Rontgendiffrak-
togramm durch Fourier-Transformation ein Histogramm der interatomaren Abstinde erzeugt,*>® legen nahe,
dass eine Kalzinierung bei 400 °C zur Oxidation von Mn?* zu Mn3* fiihrt. Daraus folgt die Bildung von amorphem
Mangan(lll)-oxid (a-Mn203) als Nebenphase und dementsprechend eine Mangan-Verarmung des Spinells. Die
bereits beginnende Zersetzung der MnFe20s-Nanopartikel bei 400 °C ist nur mit angewandten PDF-Messungen
nachweisbar, nicht jedoch anhand der Rontgendiffraktometrie oder spektroskopischen Methoden. Selbst bei den
nicht-kalzinierten Nanopartikeln liegt keine perfekte MnFe204-Spinellstruktur vor, da bereits ein struktureller
Gradient im Material vorliegt, der zum Beispiel durch unterschiedliche Zusammensetzungen an Partikelober-
flache und -innerem erklart werden kann. Eine Erhohung der Kalzinierungstemperatur zu 600 °C oder 800 °C
fihrt schlieBlich zur vollstandigen Zersetzung der Spinellstruktur von MnFe204 in die thermodynamisch stabilen
bindren Phasen a-Mn:03 und a-Fe20s3. Zum Vergleich dazu fiihrt eine solche Temperaturbehandlung der
NiFe204-Nanopartikel zu keiner Zersetzung in die bindren Phasen, sondern lediglich zu einem Kristallitwachstum.
Interessant ist MnFe204 insbesondere wegen der magnetischen Beschaffenheit. Die magnetischen 3d®> Mn?*- und
Fe3*-Kationen in der partiell inversen Spinellstruktur fithren zu ausgeprigten ferrimagnetischen Eigenschaften,
verursacht durch die antiferromagnetische Kopplung beider Untergitter. Dadurch, dass beide beteiligten Kat-
ionen dieselbe Elektronenkonfiguration aufweisen, ist der Einfluss des Inversionsgrades auf die Sattigungsma-
gnetisierung in der Theorie weniger ausgeprdgt als bei anderen Eisenspinellen, wie zum Beispiel beim
NiFe204-Spinell. Die bestimmte Sattigungsmagnetisierung der nicht-kalzinierten MnFe20s-Nanopartikel betragt
63,5 emu g1 (2,62 us pro Formeleinheit) bei 10 K. Damit erreichen die hergestellten Nanopartikel nicht den Lite-
raturwert fiir MnFe20a (3,3-4,5 us),1*°>8 was im Zusammenhang mit einer verdnderten Kationenverteilung und
Oberflacheneffekten stehen diirfte. Durch die Zersetzung des Spinells durch die thermische Behandlung an Luft
ist die Untersuchung des Zusammenhangs von PartikelgroRe und Magnetismus nicht moglich, da durch den Ver-
lust der Spinellstruktur die magnetischen Austauschwechselwirkungen zwischen Kationen in beiden Subgittern
wegfallen. Fir die Anwendung, zum Beispiel als magnetisches Fluid, ist die Dispergierbarkeit der Nanopartikel
von Bedeutung. Durch die post-synthetische Modifizierung mit verschiedenen Reagenzien, wie beispielsweise
Olsdure kombiniert Oleylamin oder Zitronensaure, kdnnen stabile Dispersionen in unpolaren und polaren Me-
dien erzeugt werden. Ein wichtiges Ergebnis des Artikels ist, dass die Mikrowellensynthese von NiFe20s-Nano-

partikeln mit einigen Anpassungen auf Manganeisenspinelle des Typs MnFe20s anwendbar ist.
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Phase-pure 6 nm spinel MnFe,O0, nanoparticles with high
specific surface area of 145 m’g~" were successfully prepared
via microwave-assisted non-aqueous sol-gel synthesis. The
phase evolution during postsynthetic thermal treatment was
investigated systematically by various methods, including
powder X-ray diffraction (PXRD), pair distribution function (PDF)
analysis, and Raman spectroscopy. Our results show that the
material decomposes to non-spinel binary compounds @-Mn,05
and «a-Fe,0; at temperatures between 400 and 600°C. The
application potential of MnFe,0, nanoparticles with 3d® Mn(ll)
and Fe(lll) ions with respect to the magnetic properties was

Introduction

In the last decades, preparation of inorganic magnetic nano-
particles (MNPs) has received particular attention due to their
widespread application range, including biomedicine,™
imaging,”? data-storage,” spintronics,” or homogeneous and
heterogeneous catalysis.”® Among the variety of available
magnetic nanomaterials, the spinel ferrite class offers a
significant saturation magnetization, a high electrical resistance,
low electrical losses, and an outstanding chemical stability.” In
addition, most of these materials can be prepared from earth-
abundant and inexpensive precursors™” Generally, the struc-
ture of spinel ferrites can be written as MFe,0, where M
represents divalent cations, e.g. Fe(ll), Cd(ll), Mg(ll), Zn(ll), Cu(ll),
Ni(ll), Co(ll), and Mn(ll). The occupation of tetrahedral (A) and
octahedral (B) sites in the ccp lattice depends on cationic sizes
and crystal field splitting energies and is usually described by
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demonstrated by superconducting quantum interference device
(SQUID) magnetometry, with the as-synthesized nanoparticles
reaching a high saturation magnetization of 2.62 s per formula
unit (63.5 Am’kg™") at 10K. We further highlight the visible-
light response of synthesized powders, making the materials
promising for light-related applications, e.g. photocatalytic
hydrogen evolution. An important additional feature of
MnFe,0, nanoparticles is their good dispersibilty in polar or
non-polar media, as a result of postsynthetic colloidal stabiliza-
tion with betaine hydrochloride, oleic acid combined with
oleylamine, or citric acid.

the inversion parameter /., according to the notation (M,_;Fe;)*
(M;Fe,_»)%0,. An inversion value of . =0 represents a normal
spinel structure (e.g. ZnFe,0,),"" A=1 points out an inverse
spinel structure (e.g. NiFe,0,),"? and the situation 0<A<1 is
referred as partially inverse spinel.

Typically, antiferromagnetic exchange interactions result in
a magnetic moment of both sublattices, which are coupled
ferrimagnetically. The magnetic moment of a spinel ferrite can
therefore be described as the difference of magnetic moments
of A and B sublattices, with A—B interactions as the dominant
ones, determining the overall antiferromagnetic or ferrimag-
netic nature."*'¥ The interaction between B site cations are also
antiferromagnetic, but much weaker."” Since the magnetism
consequently depends on the cationic distributions, tailoring
the inversion parameter provides a simple access to tune the
magnetic properties of spinel ferrites. The degree of inversion
can be modified by establishing non-equilibrium conditions,
which can be achieved by preparing nanoparticulate materials.
In other words, the particle size of a spinel ferrite directly
influences A, and therefore also the magnetism."*"

Owning 3d® electronic high-spin configuration of Mn(ll) and
Fe(lll) centers,* manganese ferrite (MnFe,0,) is an interesting
candidate for a functional material with a remarkable high
saturation magnetization of 3.3-4.5 u; per formula unit for the
bulk state”’” The bulk saturation moment of MnFe,0, is
significantly higher than for other spinel ferrites, e.g. NiFe,0,
(2.2-2.3 ug),”* % or MgFe,0, (1.1-1.4 u),""?"*® and comparable
to the ones of Fe;0, (3.7-3.9u)**" or CoFe,0, (3.6-
4.0 ug)***** However, it should be noted that the influence of
the inversion parameter on the magnetic properties is less
pronounced for MnFe,0,, compared to other spinel ferrites,
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such as MgFe,O, or Fe;O,. This is based on the fact that Mn(ll)
(A) and Fe(lll) (B) cations exhibit an isoelectronic configuration
(3d®). But, theoretical DFT calculations by Huang et al. reveal
saturation of 5 and 3y per formula unit for a normal and
inverse spinel, respectively, which was confirmed by Simsa and
Brabers experimentally."*** This can be correlated to spin
canting phenomena and/or mixed valence.**** Spin canting
describes the phenomenon that especially the spins of surface
ions feature different orientations leading to altered magnetic
moments. This effect is especially observed in nanostructures
due to the finite-size effect. For the thermodynamically stable
bulk state, degrees of inversion for MnFe,0, of 1=0.15-0.2
were reported, which are commonly estimated via neutron
diffraction or Mdossbauer spectroscopy. Therefore, MnFe,0,
crystallizes in a partially inverse spinel structure.””** Non-
equilibrium conditions can be established by preparing nano-
structured spinel ferrites, with an often-altered degree of
inversion. This was, for example, confirmed by Zhang et al. and
Chen et al. for co-precipitated MnFe,O, nanoparticles with sizes
of <10 nm respective 40 nm, with reported inversion degrees
of 2.=0.61-0.67."** Thus, preparation of nanosized MnFe,0,
further allows fine-tuning of its magnetic properties. Moreover,
featuring a band gap of 1.75-1.78 eV, MnFe,0, is able to absorb
large portion of sunlight and convert it into chemical energy.*"
For instance, pristine MnFe,0, was already applied as photo-
catalyst for hydrogen evolution or degradation of methylene
blue.*>* However, for liquid applications, e.g. as magnetic
fluid™' or heterogeneous (photo-)catalyst,”"® the colloidal stabi-
lization of ferrimagnetic MnFe,0, nanoparticles could be
benefical, resulting in a better dispersibilty in aqueous or non-
aqueous media. This would further reduce the risk of releasing
harmful nanoparticle dusts into the air.*”’ The ferrimagnetic
nature of MnFe,0, nanoparticles still enables a simple method
for recovering. Common functionalization agents for the
postsynthetic stabilization of Fe-based nanoparticles are oleic
acid combined with oleylamine, betaine hydrochloride, or citric
acid,[48—50]

MnFe,0, nanoparticles with manifold morphological charac-
teristics can be synthesized by different methods, including ball
milling,”" solvothermal synthesis,*? hydrothermal synthesis,*”
and co-precipitation.“>*¥ Compared to many traditional wet-
chemical syntheses, the microwave synthesis as alternative
offers high reproducibility, significantly shortened reaction
times, efficient heating, and high yields.” In contrast to e.g.
milling down solid-state synthesized materials to the desired
particle size, microwave syntheses can yield relatively defect-
free particles with function-tailored properties,®® using a
significantly lower energy input.

Following this, we present a fast and energy-saving micro-
wave-assisted synthesis of 6nm single-phase magnetic
MnFe,0, nanoparticles, which is based on the sol-gel reaction
of the metal acetylacetonates with the high boiling point
solvent rac-1-phenylethanol *’*® which was earlier applied to
other spinel ferrite materials, such as MgFe,0,'"”*" ZnFe,0,,"”
and NiFe,0,*” The thermal stability of the obtained MnFe,0,
nanoparticles was investigated by calcination at 400, 600, and
800°C, showing that the material decomposes to binary non-

spinel compounds «-Mn,0; and «-Fe,O; after calcination at
400°C or higher. Special attention was paid on the magnetic
properties of prepared materials, which can be correlated to
both particle morphology and phase composition.

Results and discussion

Crystalline MnFe,O, nanoparticles were synthesized via simple
non-aqueous microwave-assisted synthesis. Therefore, the met-
al acetylacetonates dissolved in rac-1-phenylethanol (boiling
point 204°C) were treated at 250°C for 30 minutes in a
commercial microwave reactor (Figure S1), before precipitating
the obtained particles with n-pentane. Afterwards, the particles
were washed with acetone-water mixtures plus diethyl ether
and dried at 80°C. Subsequent thermal treatment in a muffle
furnace at 400, 600, and 800°C was additionally performed
under air atmosphere to remove remaining organic residues
completely and to investigate potentially occurring phase
transformations.

The morphologies of obtained samples were investigated
by Transmission Electron Microscopy (TEM) (Figures 1a-d).
Selected Area Electron Diffraction (SAED) patterns of the
obtained Mn—Fe—O samples are further presented in Figur-
es 1e-h. Directly after synthesis, strongly agglomerated nano-
sized particles can be observed. The rings in the corresponding
SAED pattern indicate a nanocrystalline nature of obtained
particles and can be assigned to the spinel-type structure of
e.g. manganese ferrite (MnFe,O,, JCPDS, no. 01-073-1964).
However, the assignment to MnFe,0, is not straightforward due
to the breadth of observed rings. The nanoparticulate morphol-
ogy, as well as the spinel-type crystal structure, are preserved
when calcining the particles at 400°C. Upon calcination at
elevated temperatures (600 or 800°C), the nanoparticulate
morphology is lost. In the corresponding SAED patterns,
diffraction spots are dominant instead of rings, which clearly
confirm crystallite growth.

HR-TEM images of as-synthesized and 400°C-treated sam-
ples presented in Figures 2a,c underline the high crystallinity of
obtained nanoparticles. Lattice planes are visible even for the
non-calcined nanoparticles. Associated particle size distributions
(Figures 2b,d) were generated by counting of 100 nanoparticles.
They can be fitted by a LogNormal function, giving similar
particle mean diameters of 6.0 and 6.3 nm for as-synthesized
and 400°C-treated samples, respectively. Thus, no crystallite
growth occurs when calcining the as-synthesized particles at
400°C. The specific surface areas estimated via BET (Brunauer-
Emmett-Teller) evaluation of N, physisorption data are 145 (as-
synthesized) and 144 m’g™" (400°C). As expected, specific
surface areas decrease upon calcination to 21 (600°C) and
5m’g~" (800°C) due to crystallite growth. Assuming sherical
particles and a bulk density of 4.77 gcm™ for MnFe,0,""
theoretical particles sizes with such a surface area could be
calculated to 8.7 nm for as-synthesized and 400°C samples,
respectively. Due to the high degree of agglomeration (c.f.
Figures 1a,b), the real particles are smaller.
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Figure 1. (a-d) Low-magnification TEM images of as-synthesized (left) and calcined (from mid-left to right: 400, 600, 800°C) Mn—Fe—O
samples. Corresponding SAED patterns are presented in (e-h).
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Figure 2. (a,c) HR-TEM images of as-synthesized and 400 °C-treated Mn—Fe—O nanoparticles and (b,d) associated particle size distributions
fitted with a LogNormal function.
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The phase composition of obtained Mn—Fe—O samples was
investigated in detail by various techniques. PXRD patterns
measured with silver (Figure 3) and copper (Figure S2) radiation
reveal a cubic spinel structure for the as-synthesized and
400°C-treated samples. Averaging integral breadth analysis of
(220), (400), (511), and (440) reflections (Cu PXRD) yields
crystallite sizes of 6.2 and 5.9 nm, respectively.®® Therefore,
particle and crystallite sizes are in the same range, which
highlights the crystalline nature of prepared spinel nano-
particles.

The positions of the reflections for the as-synthesized
nanoparticles are directly in between the ones of the calculated
reference patterns for Fe;O, and MnFe,O,. This could point
towards domains of varying composition with Mn and Fe, a co-
existence of phases, or an elemental gradient within the
nanoparticles. Compared to the as-synthesized sample, the
PXRD pattern of the 400°C sample is shifted to higher Q-values,
accompanied by the presence of an amorphous signal between
1.5 and 5.5 A~" (Figure S3). This peak shift matches the modified
lattice parameter as determined in PDF refinements. Finally, the
sample has transitioned at 600 and 800°C into co-existing
a-Fe,0, (hematite) and @-Mn,0;, with some residual spinel
phase in the 600°C sample. This strengthens the point that a
phase separation sets in already at 400°C into presumably an
iron-rich spinel phase and nanoscale amorphous domains of
manganese oxide.

In contrast to PXRD, which analyses crystal structures in
reciprocal space based on Bragg reflections, the pair distribu-
tion function (PDF, Figure 4, Figures S4-S5) is gained via Fourier
Transformation of PXRD data (including both diffuse and Bragg
scattering) to real space. The PDF corresponds to a histogram of
all interatomic distances in the sample, and is particularly useful

when it comes to characterizing short-range order in disordered
or nanomaterials. As suggested by PXRD, PDF refinements of
the as-synthesized and the 400 °C sample reveal a spinel phase
for both samples and a decrease of the lattice parameter caused
by calcination. The best fit for the as-synthesized sample is
based on two spinel structures, which differ in lattice parame-
ters (and the scale). Since Mn(ll) and Fe(lll) have isoelectronic
configuration, no distinction can be made between Fe,O, and
MnFe,0, by neither PXRD nor PDF analysis. The stoichiometric
ratio of Mn:Fe=1:2 in MnFe,O, was confirmed by energy-
dispersive X-ray spectroscopy (EDXS, Figures Séa,c.e,g) and
X-ray photoelectron spectroscopy (XPS, Figures S6b,d.f,h) analy-
ses, giving averaged values of 0.51 and 0.47, respectively (EDXS:
Mn, o Fe;.550,4 XPS: MnggsFe;4,0,). This underpins the likeliness
of having a compositional or structural gradient in the as-
synthesized sample with varying lattice parameters between
8.440 to 8.503 A. Such gradients could be reflected, for instance,
by either a core-shell model with varying lattice parameters
from particle surface to core or the co-existence of Fe-rich
(Mn, Fe,,,0,) and Fe-poor (Mn, Fe, ,0,) domains. A defect
structure like y-Fe,O; can be excluded, as the occupancy of the
octahedral sites is close to 1, as shown before in PDF refine-
ments on spinel ferrite and iron oxide nanoparticles.>**

While from PXRD data, we could only speculate about the
existence of an amorphous Mn,O; phase in the higher back-
ground of the 400°C sample, PDF analysis explicitly confirms
the formation of small 0.62 nm «-Mn,0; domains. The addition
of a «-Mn,0; phase to the refinement with the spinel phase
clearly improves the refinement from a goodness-of-fit R, of
0.18 to 0.15. This proves that at 400°C, the spinel phase with a
certain distribution of lattice parameters has already started to
transform into a spinel phase of shortened lattice parameters

Fe,0, (COD, 9007706)
—— Fe,0, (ICSD, 15840)
Mn,0, (ICSD, 9090)
= MnFe,0, (COD, 1528316)

* residual spinel structure

Q) / arb. units

400 °C

as-synthesized

Q/ A

Figure 3. PXRD pattern of samples directly after synthesis and after calcination at 400, 600, and 800°C. The patterns are stacked and scaled
for clarity. Calculated reference patterns of Fe;0,, MnFe,O,, a-Fe,0;, and a-Mn,0; are inserted individually at each temperature to highlight
existing phases. Reflections of residual spinel structure in the 600°C sample are marked with a star (*).
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Figure 4. PDF refinements over 1.5 to 50 A (shown range 1.5 to 20 A) of the as-synthesized nanoparticles (a) and the ones after calcination
at 400 (b), 600 (c), and 800°C (d). Dots and red solid lines correspond to measured and simulated PDFs. Grey solid lines are the differences.
Further solid lines represent the contribution of two different spinel phases, «-Mn,0;, and «-Fe,0; to the refinements, respectively. All
contributions and differences are plotted in offset, for clarity. The full range PDF refinements over 1.5 to 50 A are presented in the Sl.

accompanied by a manganese oxide phase due to the oxidation
of the Mn(ll) ions, which only becomes visible by this
sophisticated analysis. The refined lattice parameter of 8.343 A
for the spinel phase in the 400°C sample is even shorter than in
bulk Fe,0, (8.394 A). Considering the resulting molar phase
contents in the PDF fits and the Mn:Fe ratio from EDXS of 0.52
(XPS: 0.50), the average spinel sum formula results in
Mn,,sFe, 5,0, (from XPS ratio: Mngy,Fe, O, for calculation see
eq. S1). After calcination at 600 °C, highly crystalline a-Fe,0, has
formed and the phase fraction of «-Mn,0, increased, with a
simultaneous decrease of residual spinel phase with a good-
ness-of-fit of 0.16. The existence of a «-Mn,O; and a «-Fe,0;
phase at 600°C is coincident with earlier studies on the phase
transitions of pure iron and manganese oxide nanoparticles as
well as manganese ferrite nanoparticles. They revealed that
Mn;O; transforms into a-Mn,0; at 550°C*” and Fe;O, trans-
forms into «-Fe,0; between 400 and 500°C.* Evidence for the
phase separation of MnFe,0, nanoparticles into «-Fe,0; and
0-Mn,0; by annealing at 550°C is also given.*® A refinement of
only the short-range of 1-20 A (Figure S5a) does not further
improve the fit (Ry,—0.15), showing that short- and medium-
range order are equivalent. The fit of the 800°C sample results
in a higher Ry (0.21) than for the 600°C sample, although the
phase transition has further progressed and the crystallinity and

particle size of the hematite phase is expected to be higher
given the sharper PXRD Bragg peaks (cf. Figure 3). Yet, the
difference curve of the PDF fit features structural residuals for
r>15A. This is substantiated with a better goodness-of-fit
Ry —0.16 for the short-range order of 1-20 A (Figure S5b). The
reason for this could be found in possibly polydispersity of the
«-Fe,0; and @-Mn,0; domains or crystal defects. During
thermal treatment at 600 and 800 °C, the averaged Mn:Fe ratio
measured by EDXS stays constant (600°C: 0.52, 800°C: 0.51).
Since the nanoparticulate structure is lost at such high temper-
atures, XPS as surface-sensitive technique with low investigation
depths (few nm) yields not reliable results concerning the bulk
composition.

To conclude, the presented microwave synthesis yields
crystalline monomodal MnFe,O, nanoparticles with average
diameters of 6 nm. However, PXRD and PDF analyses reveal a
compositional or structural gradient within the material, which
could for example explain varying lattice parameters from
particle surface to core or the co-presence of Fe-rich and Fe-
poor domains. A subsequent calcination triggers phase trans-
formations. At 400°C, a spinel-phase with a shortened lattice
parameter (presumably magnetite, Fe;0,) can be identified as
main phase, still forming nanoparticles. Further, small amounts
of amorphous @-Mn,0; can be detected, resulting in the Fe-
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enrichment in the spinel phase. Even higher temperatures (600
and 800°C) result in the complete decomposition of the spinel
structure to the binary compounds «-Fe,0; and @-Mn,0;, with
some residual spinel at 600 °C.

The four Mn—Fe—O samples were additionally investigated
by Raman spectroscopy (Figure 5a). Raman spectra were
measured using a green laser (wavelength 532 nm), operated
with a low power of 0.3 W to avoid sample fluorescence. The
as-synthesized sample features a broad signal at 609 cm™,
which can be assigned to the A,; symmetry mode of spinel-
type nanoparticulate MnFe,0,.*” According to previous results,
a spinel with a shortened lattice parameter is the main phase at
a calcination temperature of 400 °C (presumably Fe;0,), causing
a shift of the A, signal to higher wavenumbers (653 cm™").* At
600°C, alongside the Fe,O, spinel (647 cm™), the prominent
Raman bands of ¢-Fe,0; dominate,*” while the ¢-Mn,O; bands
additionally appear at 800°C.7"

Additional investigations with DRIFT spectroscopy (Fig-
ure 5b) reveal that as-synthesized nanoparticles contain organic
residues. The —C—H stretching vibration bands at 2967-
2860 cm ' clearly indicate the presence of residual acetylace-
tone on the particle surfaces.”" Additionally, the prominent
bands at 1561 and 1435 cm ' are caused by carbonyl groups of
precursor residues.””” The presence of adsorbed water is
indicated by —O—H stretching vibrations at 3396 cm ' and the
H—O-H bending mode at 1656 cm '7*”) The formation of
Fe—O and Mn—0 bonds is further confirmed by the bands at
741 and 489 cm™'."® The removal of organics on the particle
surface can be achieved by a subsequent thermal treatment at
400°C or higher, but calcination at 600 and 800 °C results in the
decomposition of the spinel-type structure.

To prove the presence of organics on the sample surface
with a second technique, TG analysis was performed, coupled
with mass spectrometry to measure H,0 and CO, gas evolution
traces (Figure S7). A loss of surface adsorbed water can be
observed between 40 and 150 °C. This is followed by the loss of
detected organic residues between 200 and 275 °C, as indicated
by the delayed signal in the CO, mass spectrometry diagram. At

1311

800 °C
1306

600 °C

609 400 °C

as-synthesized

0 400 800 1200 1600

Raman intensity / arb. units

Wavenumber / cm™

2000

a calcination temperature of 400 °C, organic precursor residues
are mostly removed, which is also confirmed by DRIFT
spectroscopy.

An important feature of MnFe,0, nanoparticles for applica-
tion is their strong magnetism, because of the incorporation of
magnetic 3d® high-spin Mn(ll) and Fe(lll) ions in the partially
inverse spinel-type crystal structure. To investigate the influence
of particle morphologies and phase compositions on the
magnetic properties, synthesized Mn—Fe—O samples were
investigated with SQUID magnetometry. The zero field cooled-
field cooled (ZFC-FC) magnetization plots measured at 100 Oe
are presented in Figure 6a. For the as-synthesized and 400°C-
treated nanoparticles, a characteristic ZFC-FC curve for nano-
particulate soft magnetic materials can be observed.”"’®
Comparatively, the 600 and 800°C samples exhibit significantly
lower magnetic moments in the ZFC-FC curves, which can be
correlated to the decomposition of the spinel-type crystal
structure into binary compounds «-Mn,0; and «-Fe,0; (cf.
Figure 3). Consequently, the loss of the spinel-based antiferro-
magnetic interactions results in an overall reduced magnetic
moment. However, the 600°C sample still contains residual
amounts of a spinel-type phase, presumably Fe;O, which
would explain the higher magnetic moment, compared to the
800°C sample.” The blocking temperatures (T;) were estimated
by d(ZFC-FC)/d(T) plots,®™ which are depicted in Figure 6b. The
blocking temperature of as-synthesized 6 nm MnFe,O, nano-
particles is 32K, which agrees well with previous results
reported by Masala et al.®" For the 400°C sample, the blocking
temperature is in the same range (53 K). At even higher
calcination temperature (600°C), the maximum gets broader
(81-96 K), which can be correlated to particle growth and an
increasing magnetic anisotropy. No blocking temperature can
be estimated for the 800°C sample, which shows a rather small
magnetic moment.

The antiferromagnetic exchange interactions between A
and B site cations with a 1:2 ratio in Mn—Fe spinels result in
ferrimagnetic properties, compared to non-spinel binary com-
pounds ¢-Mn,0; and o-Fe,0,, which are both antiferromagnets.

800 °C

R 1837
as-synthesized

2967-2880 1656 —

Transmittance / arb. units

741

3400 2800 2200 1600 1000 400

Wavenumber / cm™

Figure 5. (a) Raman and (b) diffuse reflectance infrared Fourier transform (DRIFT) spectra of as-synthesized and calcined (400, 600, 800 °C)

Mn—Fe—0 samples. The spectra are stacked and scaled for clarity.
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Thus, magnetization curves of as-synthesized and 400°C nano-
particles were collected at 300 and 10 K (Figures 6c,d). For both
samples, the magnetization curves were corrected with respect
to the mass loss of diamagnetic carbon-containing residues (as-
synthesized: 6.3 wt-%, 400°C: 1.3 wt.-%, cf. Figure S7). The
uncorrected magnetization curves are additionally shown in
Figures S8a,b. The saturation magnetizations (M) for both
uncorrected and corrected data are summarized comparatively
in Table 1. By applying the exponential LangevinMod fit,
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Figure 6. (a) Zero field cooled-field cooled (ZFC-FC) magnetization curves measured at 100 Oe and (b) d(ZFC-FC)/d(T) plots for as-
synthesized and calcined (400, 600, 800 °C) Mn—Fe—O samples. Field scans were performed at 300 (c) and 10 K (d) for as-synthesized and
400 °C-treated samples and corrected with respect to the weight loss of diamagnetic components during calcination.

corrected saturation magnetizations of as-synthesized MnFe,O,
nanoparticles could be estimated to 1.84 (300 K) and 2.62
(10 K) per formula unit (f.u.), respectively, which is equivalent to
44.5 (300 K) and 63.5 Am’kg ' (10 K). Thus, full saturation is not
reached at 300 K. Compared to the maximum bulk value for
MnFe,0, of 3.3-4.5 43" * the measured saturation magnet-
ization for the 6 nm particles is significantly lower due to
modified cationic distributions in the spinel structure and
additional surface effects, like surface spin disorder® In

Table 1. Saturation magnetizations of spinel nanoparticles, measured via SQUID magnetometry. The star (*) marks values, which were not
corrected for the mass loss of diamagnetic carbon species. For the as-synthesized (as-syn) sample, a formula unit of MnFe,0,
(M=230.63 gmol ') and a unit cell of MngFe,0;, (M=1845.01 gmol ') were assumed. Due to progressing phase transitions to Fe,0, at
400°C, a formula unit of Fe;0, (M=231.53 gmol ') and a unit cell of Fe,,0;, (M=1852.24 gmol ') were presumed here,
300K 10K

size/nm Ms*/ug fu™ M/pg fu.™ My/uguc.™ Ms*/ug fu™ Mg/ug fu™! My/ug uc.™
as-syn 6.0 1.96 1.84 14.69 2.80 262 20.98
400°C 6.3 1.73 1.71 13.68 207 2.05 16.36

size/nm Mc*/Am?kg ™' My/Am*g™' My/kAm?mol ™' M:*/Am?g™ My/Am? g' Mg/kAm*mol ™'
as-syn 6.0 47.5 445 82.1 67.8 63.5 117.2
400°C 6.3 418 4.3 764 50.0 49.6 91.7
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essence, prepared MnFe,0, nanoparticles still reach higher
saturation moments than other ferrites in the bulk state, e.g.
NiFe,0, or MgFe,0,.”*’”" The magnetic properties of MnFe,0,
can consequently be tailored for a particular application by
preparing nanosized or bulk materials, which was already
observed for other spinel-type materials."”®! The saturation
magnetization decreases for 400°C-treated nanoparticles to
1.71 (300K) and 2.05u; (10K) per fu. respectively, which
corresponds to 41.3 (300K) and 49.3 Am’kg™' (10K). One
possible explanation could be the transformation to a spinel
structure with shortened lattice parameter, such as Fe;O,.
However, magnetite nanoparticles were reported to reach
similar saturation magnetizations like MnFe,0,.***” But, nano-
particles treated at 400°C already contain amorphous non-
spinel @-Mn,0; domains, which do not contribute to the overall
magnetism and thus explain the reduced values satisfactorily.
For both nanoparticulate samples, the magnetization curves
measured at 10 K exhibit a hysteresis of 400-500 Oe, contrary
to the ones collected at 300 K. Hence, synthesized particles are
superparamagnetic at room temperature, as already indicated
by the ZFC-FC magnetization plots.

In principle, correlations of magnetic properties and cationic
distributions in Fe-based spinels can be investigated via *Fe
Méossbauer spectroscopy. For this purpose, a magnetic hyper-
fine splitting in the Méssbauer spectrum is necessary.®
However, this sextet splitting can only observed when the
measurement temperature is lower than the respective blocking
temperature (e.g. 32K for the as-synthesized MnFe,0, nano-
particles), which is why no inversion parameter could be
estimated from the room temperature data (Figure $9). Due to
superparamagnetism at room temperature, a broad doublet
with a quadrupole splitting of AE; of 2.67 mms™' was observed.
The broadness with a FWHM =1.94 mm s~ is based on the very
small particle size of the sample. For the nanoparticles treated
at 400°C, the room temperature Mdssbauer spectrum is even
less defined and no fitting was possible. This is in line with the
small particle size and the structural inhomogeneity of the
spinel as observed by PXRD and PDF analysis.

Through the pronounced magnetism of microwave-derived
manganese ferrite nanoparticles, they can be used as inorganic
magnetic nanoparticles (MNPs) for numerous applications.
Beyond this, the interesting properties of MnFe,0, open further
application fields. A special highlight is the use as visible-light
responsive photocatalyst for hydrogen production or degrada-
tion reactions.>*! The optical properties of synthesized nano-
particles were therefore investigated by diffuse reflectance UV-
Vis-NIR spectroscopy (Figure $S10a). From the Kubelka Munk plot
(Figure S10b),* the optical band gap energy of as-synthesized
particles could be estimated to 1.6 eV (794 nm). Band gaps
could be estimated more precisely by Tauc plots,® which are
presented in Figures S10c,d for both direct and indirect
behavior. Considering MnFe,0, as indirect semiconductor,®”
Tauc analysis of as-synthesized MnFe,0, nanoparticles reveals a
band gap of 1.5eV (821 nm). These findings highlight their
ability to harvest sunlight. The estimated band gap value is in
the same range with the literature value of 1.75-1.78 eV for
MnFe,0,*" The progressing decompostion beginning at 400°C

to spinel Fe;0, respective u-Mn,0; and u-Fe,0; effects a further
shift of the band edge to the NIR range.

The use of MnFe,O, nanoparticles for many applications,
e.g. as ferrofluid or photocatalyst, requires a colloidal stabiliza-
tion to achieve an improved dispersibilty in aqueous and non-
aqueous media. Therefore, different stabilization strategies were
applied. Since as-synthesized nanoparticles contain organic
surface residues (cf. Figure 5b), postsynthetic stabilization with
oleic acid/oleylamine (OA/OLA) seems reasonable to achieve
dispersibilty in non-polar solvents, such as toluene.””® Figure 7a
shows the size distribution of OA/OLA-coated as-synthesized
MnFe,0, nanoparticles dispersed in toluene, measured via DLS.
The size distribution is relatively sharp, with a mean hydro-
dynamic diameter of 33 nm, which shows that the particles are
less agglomerated. The phase-transfer to polar media (e.g.
water) was achieved by the exchange of the OA/OLA ligands
with citric acid (Figure 7b).*” The degree of agglomeration is
significantly higher, which is reflected by the mean hydro-
dynamic diameter of 164 nm and the second signal at 500-
1300 nm in the DLS measurement. Here, ligand stripping of
MnFe,0, nanoparticle surfaces with a Meerwein’s salt could be
helpful, prior to the coating with e.g. citric acid.®® Another
possibility of the stabilization of as-synthesized MnFe,0, nano-
particles is the functionalization with betaine hydrochloride,
which does however not improve the dispersibility in polar
solvents (Figure 7c). Obviously, the organic residues on the
nanoparticle surface hinder the betaine functionalization. To
prove this suggestion, spinel nanoparticles calcined at 400°C
were also stabilized with betaine hydrochloride. Upon calcina-
tion at 400°C, these organics are removed from the nano-
particle surface successfully, resulting in a more hydrophilic
surface. Hence, the functionalization of calcined nanoparticles
with betaine hydrochloride is possible, which is reflected by the
corresponding DLS data (Figure 7d). The mean hydrodynamic
diameter of 24 nm indicates a very low degree of agglomer-
ation, and therefore a better dispersibilty.

Conclusion

Phase-pure MnFe,O, nanoparticles were successfully synthe-
sized via non-aqueous microwave-based sol-gel technique.
Directly after synthesis, crystalline nanoparticles with 6 nm in
diameter were obtained. Structural analysis reveals a spinel-
type structure, with a lattice parameter near the literature value
for MnFe,0,. The slight deviation could be explained with
varying lattice parameters from particle surface to core or the
co-presence of Fe-rich and Fe-poor domains. The as-synthesized
MnFe,0, nanoparticles are superparamagnetic at room temper-
ature and ferrimagnetic at 10 K, reaching a saturation magnet-
ization of 2.62 u; per formula unit (63.5Am’kg™") at this
temperature. Calcination at 400°C effects no significant mor-
phological changes. But, due to the early formation of
amorphous «-Mn,0;, the spinel gets Fe richer. The lattice
parameter shortens and fits better to Fe;O, compared to
MnFe,0,. The beginning phase decomposition diminishes the
applicability of 400°C-treated particles, which is, inter alia,
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Figure 7. DLS measurements of as-synthesized MnFe,O, nanoparticles, which were postsynthetically functionalized with oleic acid/
oleylamine (OA/OLA) (a), citric acid (b), and betaine hydrochloride (c). The 400 “C-treated particles were also stabilized with betaine
hydrochloride (d). Sample were dispersed in water (below) or toluene (above the broken line in insets), depending on the applied

stabilization technique.

reflected by the reduced saturation magnetization of 2.05 ug
(49.3 Am’kg ). At even higher temperature of 600 or 800°C,
the spinel decomposes completely into binary non-spinel
compounds «-Mn,0; and a-Fe,0,, which is coupled with the
loss of the typical magnetic properties of spinel ferrite
compounds. We have demonstrated the possibility of the
postsynthetic stabilization of magnetic 6 nm MnFe,O, nano-
particles in polar and non-polar media, using citric acid
respective oleic acid/oleylamine as stabilizing agents, which
enables their use as e.g. ferrofluid or photocatalyst. The 400°C-
treated spinel nanoparticles, which exhibits a slightly changed
composition, could also be stabilized in polar media by betaine
hydrochloride.

Experimental section

Synthesis

For the synthesis of MnFe,0, nanoparticles, a microwave-assisted
synthesis of MFe,O, spinel nanoparticles (M = Mg, Zn) published by
Kirchberg etal. and Dolcet etal. was adapted.”®* Therefore,
126.6 mg (0.5 mmol) of Mn(acac), (Sigma Aldrich, >97%) and

353.2mg (1.0mmol) of Fefacac); (Acros Organics, >99%) were
dissolved in 15mL of rac-1-phenylethanol (Sigma Aldrich, 98%)
using ultrasonification. The obtained solution was transferred into a
30 mL borosilicate glass vessel and heated to 250°C using a
laboratory microwave reactor (Anton Paar Monowave 400 with MAS
autosampler, frequency 2.45 GHz). The reaction temperature was
kept for 30 minutes, before cooling to 55°C with compressed air.
During the microwave treatment, the solution was constantly
stirred (600 rpm). The particles were subsequently precipitated with
n-pentane, washed with acetone-water mixtures (3x) and diethyl
ether. Finally, the nanoparticles were dried at 80°C overnight.
Optional thermal treatment of dried particles was performed in a
muffle furnace under air atmosphere at 400, 600, and 800°C for 1 h
(heating rate: 10 Kmin ).

Postsynthetic colloidal stabilization

The stabilization tests were performed according to experimental
protocols published by Kirchberg et al.*” For postsynthetic stabili-
zation of as-synthesized MnFe,0, nanoparticles in non-polar
solvents (e.g. toluene), 41.8 mg of MnFe,0, were added to a
solution of 2 mL of oleic acid (OA, Sigma Aldrich, 90%), 2 mL of
oleylamine (OLA, Sigma Aldrich, >98%), and 20 mL of toluene
(VWR, AnalaR Normapur®). The mixture was then refluxed at 116°C
for 48 hours. The nanoparticles were afterwards precipitated with
methanol (VWR, AnalaR Normapur®) and dried at 80°C. For the
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phase-transfer into polar solvents (e.g. water), 25.6 mg of citric acid
monohydrate (Carl Roth, >99.5%) were dissolved in 1.9 mL of 1,2-
dichlorobenzene (Alfa Aesar, 99%) and 1.9 mL of N,N-dimeth-
ylformamide (Alfa Aesar, 99.8%). Then, 29.1 mg of the OA/OLA-
coated MnFe,0, nanoparticles were added to this solution. The
mixture was heated to 100°C for 22 hours. Finally, the citrate-
stabilized particles were precipitated with diethyl ether, washed
with acetone (3x), and dried at 80°C.

As-synthesized MnFe,O, nanoparticles were further stabilized in
polar media using betaine hydrochloride. Therefore, 21.5 mg of
MnFe,0, were dissolved in 20 mL of a 2 wt.-% solution of betaine
hydrochloride (TCl, >98%) in water. After stirring for 6 hours,
particles were precipitated with acetone and dried at 80°C. This
procedure was additionally performed for the 400 °C-treated nano-
particles.

Characterization techniques

Transmission electron microscopy (TEM) and selected area electron
diffraction (SAED) were performed on a 200 kV JEOL JEM-2200FS
EFTEM from JEOL GmbH, additionally equipped with Schottky FEG
and In-Column Omega Energyfilter. Prior to the measurements,
approximately 1 mg of the sample were dispersed in ethanol (Acros
Organics, extra dry, 99.5%), before dropping 4 uL of the dispersion
on a carbon film-coated TEM grid (ScienceServices, 200 Mesh). Then,
the sample was allowed to dry at room temperature. TEM images
and SAED patterns were edited using ImageJ 1.52a.

For N, physisorption analysis at 77 K, an Anton Paar QUADRASORB
evo surface area & pore size analyzer was used. Specific surface
areas were estimated by applying the BET model (Brunauer-
Emmett-Teller).®™ Samples were degassed in vacuum at 120°C for
12 hours before the measurements. Data were evaluated with
ASiQwin 4.0%.

Energy-dispersive X-ray spectroscopy (EDXS) was performed on a
Zeiss Leo 1530 scanning electron microscope, combined with an
UltraDry-EDX detector (Thermo Fisher Scientific NS7). Prior to the
measurements, samples were sputtered with platinum with a
Cressington Sputter Coater 208 HR. An acceleration voltage of
15 kV was applied during the measurements. The working distance
was set to 8.0 mm.

X-ray photoelectron spectroscopy (XPS) was measured using a
Physical Electronics PHI VersaProbe Ill Scanning XPS Microprobe
equipped with a monochromatic aluminum K, source. The survey
scans were measured with a pass energy of 226 eV, a step size of
0.4 eV and a time of 50 ms per step, applying a beam diameter of
100 pm. All samples were flooded with low energy electrons and
argon ions to prevent surface charging. The recorded data was
evaluated with CasaXPS.

Ag powder X-ray diffraction (PXRD) data for PDF analysis was
collected at room temperature on a STOE STADI P Mythen2 4 K
diffractometer (Ag Ka,, A=0.5594 A)®” Samples were measured in
0.5 mm diameter glass capillaries (Hilgenberg glass number 10) for
22 h each in a Q-range of 0.3 to 204 A ', PDF processing was
carried out with xPDFsuite®” using a sample-dependent Q.. of
13.0 to 175A7", and fitting was done with PDFgui.”” Refined
parameters are the scale, lattice parameters, crystallite size,
correlated atomic motion parameter 2,, occupancy of octahedral
sites in spinel structures and thermal parameters.

Cu PXRD (Cu Ka,, 2=1.5405A and Cu Ka, 2—15444A) was
performed on a Malvern PANanalytical Empyrean diffractometer
with PixCel 1D detector. The device was operated at an acceleration
voltage of 40 kV and an emission current of 40 mA. To reduce X-ray

fluorescence, the pulse-height-discrimination (PHD) levels were
changed to 8.05 and 11.27 keV, respectively. Data were recorded in
a range of 10-70 26.

A WiTec alpha 300 RA+ imaging system was employed for Raman
measurements, equipped with a UHTS 300 spectrometer and a
back-illuminated Andor Newton 970 EMCCD camera. The measure-
ments were conducted at an excitation wavelength of 2 =532 nm,
using a laser power of 0.3 mW, an integration time of 5s and
typically 20-30 accumulations (50x Zeiss objective, NA=0.7,
software WiTec Control FIVE 5.3). All spectra were subjected to a
cosmic ray removal routine and baseline correction.

For diffuse reflectance infrared Fourier transform (DRIFT) spectro-
scopy, a Bruker alpha Il device was used. Data were collected with a
spectral resolution of 10 cm ™' and 200 co-additions per scan.

Thermogravimetric (TG) analysis in synthetic air was performed
using a Netzsch Jupiter STA 449 C thermo-balance, which was
coupled with a Netzsch Aeolos QMS 403 C quadrupol mass
spectrometer (MS) for detecting gaseous substances, such as H,0
(18) and CO, (44). The heating ramp was set to 10 Kmin™".

Magnetic measurements were performed on a superconducting
quantum interference device (SQUID) MPMS-XL5 from Quantum
Design. Prior to the measurements, samples were prepared in
gelatin capsules, which were held by a plastic straw. The field
measurements at 10 and 300 K were performed from 100 to 20000
to —20000 Oe (hysteresis mode), with a step width of 500 Oe. Data
were corrected for the diamagnetism of the sample holder and the
weight loss during thermal treatment. For estimation of the
saturation magnetizations M,, an exponential LangevinMod fit was
applied, with the C parameter giving M. Saturation magnetizations
were converted to units of ¢z per formula unit (f.u) throughout the
text. For recording zero field cooled-field cooled (ZFC-FC) magnet-
ization data, samples were cooled in the SQUID cavity without
applying an external magnetic field. The temperature scans were
performed from 10 to 300/400 to 10 K in the sweep mode with a
velocity of 5 K (applied field 100 Oe).

Fe Méssbauer spectroscopy was performed in a transmission
geometry at constant acceleration with a conventional M&ssbauer
spectrometer with a *’Co source (50 mCi), embedded in Rh. The
spectra were fitted using Recoil 1.05 Mdssbauer analysis software.
The isomer shift values were corrected with respect to «-Fe as a
reference at room temperature.

A PerkinElmer Lambda 750 device with Praying Mantis mirror unit
was applied for diffuse reflectance (DR) UV-Vis-NIR measurements.
Data were collected from 200 to 3000 nm, with a step size of 1 nm.

Dynamic light scattering (DLS) was used to determine the hydro-
dynamic diameter of the dispersed nanoparticles (0.5 mgmL ).
After ultrasonic treatment, the dispersions were analysed in quartz
cuvettes with a Malvern ZS Nano Zetasizer (20°C, equilibration time
2 min, backscattering angle 173°). A refractive index of 2.39 was
assumed for data evolution.*® For each sample, three individual
measurements were performed.
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Calculation of the sum formula of the spinel phase in the 400 °C sample

Mn/Fe — ratio according to SEM-EDX:

Refined molar phase contents according to PDF:

Sum formula for a Fe-rich spinel structure:

> g ey,

> 0358 (2+y) = 0.624 + 0.688 * (1 — y);

> 0.716 + 0.358 * y = 0.624 + 0.688 — 0.688 * y;
2> y =057

Mn/Fe — ratio according to XPS:

Refined molar phase contents according to PDF:

Sum formula for a Fe-rich spinel structure:

> 2 g5y zzeney

2> 0344%(2+y) =0.624 + 0.688 * (1 — y);

= 0.688+ 0.344 +y = 0.624 + 0.688 — 0.688 * y;
> y =060

0.52
Mn2035 0.312
spinel: 0.688

Mn 1y Fesza

(eq. S1)

0.50
Mn,0s3: 0.312
spinel: 0.688

Mnl‘y Fez+VO4
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Figure S 1. Microwave synthesis of MnFe,0, nanoparticles. During the reaction, temperature (IR sensor), applied power and
evolved pressure were recorded.
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Figure S 2. Cu PXRD patterns of as-synthesized and calcined (400, 600, 800 °C) Mn-Fe-O samples. The patterns are stacked

for clarity.
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3.4. Elektrochemische Reduktion von Kohlenstoffdioxid mit NioFeSs

3.4.1. Synopsis

Die beschriebene Darstellung von Eisenspinell-Nanopartikeln des Typs MFe20s (M = Ni%*, Mn?*) durch eine
Mikrowellensynthese basiert auf einem nukleophilen Angriff von Benzylalkohol oder eines Derivats an ein
Metall-Acetylacetonat, wie Ni(acac)2, Mn(acac)2 und Fe(acac)s. Es handelt sich um eine nicht-wassrige Synthese-
strategie. Das fur die Bildung eines Metalloxids bendtigte Sauerstoff-Anion wird dabei vom Losungsmittel Ben-
zylalkohol zur Verfligung gestellt. Wird nun Benzylalkohol durch das Schwefel-Analogon Benzylmercaptan partiell
ersetzt, ist es moglich, einen schwefelhaltigen Eisenspinell herzustellen. Die prinzipielle Eignung der Herstellung
von Eisen-basierten Thiospinellen wird anhand des Beispiels von Ni2FeS4 in der Veroffentlichung in ACS Applied
Energy Materials thematisiert. Die Reaktion ausgehend von Ni(acac)z und Fe(acac)s, welche in einem Gemisch
aus rac-1-Phenylethanol und Benzylmercaptan geldst werden, erfolgt bei 200 °C. Hohere Temperaturen sind we-
gen einer starken Druckentwicklung (>20 bar) nicht méglich. Die Kombination verschiedener Messtechniken (un-
ter anderem Rontgendiffraktometrie, energiedispersive Rontgenspektroskopie, Rontgenphotoelektronen-
mikroskopie) beweist eindeutig, dass es sich bei dem hergestellten Pulver um den phasenreinen Ni2FeSs-Thiospi-
nell handelt. Im Lésungsmittelgemisch ist ein Anteil von > 40 Volumenprozent Benzylmercaptan notwendig, um
die Phasenreinheit zu gewahrleisten, ansonsten entstehen Komposite aus NiFe;04 und Ni>FeSs. Erwdhnenswert
ist, dass im Thiospinell Nickel als dreiwertiges Kation (Ni*) vorliegt, wahrend Eisen als zweiwertiges Kation (Fe?*)
auftritt. Im Vergleich zum Oxid NiFe20a4 sind die Oxidationsstufen umgekehrt. Wahrend der Mikrowellenreaktion
wird dementsprechend Nickel oxidiert und Eisen reduziert. Bemerkenswert ist die Synthese auch deshalb, da der
Syntheseaufwand und der Energiebedarf im Vergleich zu traditionellen Hydrothermalsynthesen von Niz2FeSs be-
ziehungsweise Metallsulfiden allgemein minimal ist.!516%] Bej der Synthese entstehen keine Nanopartikel,
sondern plattchenartige Strukturen (Nanoschichten), was elektronenmikroskopische Untersuchungen darlegen.
Die spezifische Oberfliche der Nanoschichten betragt 80 m? g*. Der Wert ist verglichen mit den nicht-kalzi-
nierten oxidischen Nanopartikeln zwar vergleichsweise niedrig, dennoch bietet das Material genug aktive Zen-
tren fir eine Anwendung in der heterogenen Katalyse. Das Material Ni2FeSa ist in Laugen nicht stabil, was aus
dem Phasendiagramm des Fe-Ni-S-O Systems (Abbildung 5) hervorgeht.[*®) Daher ist eine Anwendung in der al-
kalischen Wasseroxidation im Gegensatz zum oxidischen Vertreter NiFe204 nicht sinnvoll. Als anorganisches Anal-
ogon der Kohlenmonoxiddehydrogenase (CODH), welche [Ni-4Fe-5S] Cluster enthalt, ist das Material in der
CO2-zu-CO-Elektroreduktion aktiv. Die entsprechenden Experimente durchgefiihrt in einer mit CO, gesattigten
Kaliumhydrogencarbonat-Losung zeigen, dass mit den Ni2FeSs-Nanoschichten als Elektrokatalysator Synthesegas
(Kohlenstoffmonoxid und Wasserstoff) hergestellt werden kann. Bei einem Potential von -0,7 V gegen die re-
versible Wasserstoffelektrode (reversible hydrogen electrode, RHE) betragt die Selektivitat fiir Kohlenstoffmon-
oxid (CO) 6,0 %, was einer Faraday-Effizienz von 5,9 % entspricht. Mit einem entsprechenden experimentellen
Setup kann an den Nanoschichten auch reiner Wasserstoff aus Wasser dargestellt werden (HER). Die Ergebnisse
legen zusammenfassend dar, dass eine weitere Optimierung notwendig ist, um die Wirtschaftlichkeit der elektro-
chemischen Reduktion von CO; und der Wasserstoffentwicklung an Ni.FeSs-Nanoschichten zu erreichen. Al-
lerdings enthélt die Publikation ein proof-of-principle, dass die Synthese von Eisen-basierten terndren Thiospi-

nellen mit Benzylmercaptan als Schwefel-Quelle funktioniert, was bisher nur fiir bindre Systeme bekannt war.[*51
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ABSTRACT: Phase-pure spinel Ni,FeS, nanosheets with a
specific surface area of 80 m* g~' were successfully prepared via
fast and energy-saving microwave-assisted nonaqueous sol—gel
synthesis, starting from metal acetylacetonates and benzyl
mercaptan as the sulfur source. Synthesized nanosheets were
characterized thoroughly by X-ray diffraction including Rietveld
refinement, X-ray photoelectron spectroscopy, energy-dispersive X-
ray spectroscopy, electron microscopy, nitrogen and water vapor
physisorption measurements, and thermogravimetric analysis
coupled with mass spectrometry. Such noble metal free Ni,FeS,
nanosheets were successfully applied as electrocatalyst for the
aqueous carbon dioxide reduction reaction, yielding selectively the
syngas components hydrogen and carbon monoxide.

200 °C
30 min

KEYWORDS: electrocatalysis, CO, reduction, metal sulfides, thiospinels, microwave synthesis

In times of rising carbon dioxide (CO,) levels in the Earth’s
atmosphere, converting the greenhouse gas into valuable
chemicals or energy-rich fuels is a hot topic in recent research.
Reduction of CO, via electrolysis to useful Cl-components
such as CO or formic acid has received increasing attention
considering its potential impact on a sustainable energy
economy., CO, reduction is generally a thermodynamically
and kinetically challenging process, requiring highly negative
potentials due to the inert nature of CO, and proceeding via
several proton coupled electron transfers.' Furthermore, the
formation of different carbon-containing product classes is
possible.” Therefore, the choice of electrocatalysts that on the
one hand selectively generate only one product and on the
other hand operate at low overpotentials is severely limited.
Among the variety of available compounds, bimetallic
transition metal sulfides (TMSs) are cost-effective alternatives
to replace state-of-the-art (noble) metal-based electrocatalysts.
Especially, nickel cobalt sulfides (Ni—Co—S),’ iron-based
sulfides (Fe—M-S8)," copper-based sulfides (Cu—M-S),” and
molybdenum-based sulfides (Mo—M=S)° have gained atten-
tion in the field of electrocatalysis.

One class of highly conductive electrocatalysts can be
prepared from sulfur and the earth-abundant metals nickel and
iron, which additionally feature excellent redox properties.
Piontek et al. have shown the feasibility of this concept using
the mineral pendlandite Ni,Fe, Sy for electrochemical CO,
reduction, which is nature-inspired by the carbon monoxide
dehydrogenase containing [Ni—4Fe—5S] active clusters.”

@ 2021 The Authors. Published by

ACS Publicatlons American Chemical Society 8702

Another promising material in the Ni—Fe—S system is that
of Ni,FeS,, which is often referred to as mineral violarite.
However, in contrast to solid-state-synthesized Ni, sFe, ;Sy, the
ability of pristine Ni,FeS, to electrocatalyze the CO, reduction
reaction has only scarcely been studied before.” Ni,FeS, is of a
metallic nature and possesses an inverse thiospinel structure,
wherein Fe(11) cations in the low-spin state occupy octahedral
sites, while Ni(III) cations are located in both tetrahedral and
octahedral sites (Supporting Information (SI) Figure $1).°
The cubic space group of NiFeS, is Fd3m.” Commonly,
synthetic violarite Ni,FeS, is prepared via a hydrothermal
approach, requiring long reaction times, typically in the range
of days. For example, Jergensen et al. suggested a hydrothermal
synthesis for 45 h at 130 °C, starting from nickel(II) acetate,
iron(II) acetate, and D,L-penicillamine to prepare nonstoichio-
metric violarite Ni, Feq,Ss.'" Mitchell et al. presented a 12 h
batch synthesis at 310 °C for the preparation of phase-pure
(Ni,Fe);S, powders, based on nickel(II) acetylacetonate,
iron(II) acetylacetonate, and sublimed sulfur. The reaction
was, however, carried out in oleylamine under nitrogen
atmosphere.'’ An et al. described an alternative two-step
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pathway for the szmthesis of NiFe,0,/Ni,FeS, heterostruc-
tured nanosheets.'* First, nickel(I1) nitrate, iron(111) nitrate,
urea, and ammonium fluoride were treated hydrothermally at
120 °C for 12 h to form NiFe,O, nanosheets. The subsequent
sulfidation step with sodium sulfide at 100 °C for 1-9 h
yielded NiFe,0,/Ni,FeS, heterostructures, but complete
sulfidation was also possible when extending the sulfidation
step to 12 h."?

Generally, compared to traditional hydrothermal syntheses,
microwave syntheses offer several advantages, such as
significantly shortened reaction times, efficient heating,
reproducibility, and improved yields."> In this context, we
present a novel and fast microwave-assisted sol—gel synthesis
for the preparation of synthetic violarite. In contrast to
previous hydrothermal or batch syntheses of violarite, our
presented facile microwave synthesis of stoichiometric and
phase-pure violarite Ni,FeS, only requires a reaction time of 30
min at 200 °C, which offers at least a 24-fold time-saving,
Moreover, the use of sulfur precursor, benzyl mercaptan, as
solvent component does not require an additional sulfidation
step. The short reaction time further implies energetic
advantages, and the precursors for the incorporated elements
are relatively cheap, which makes the synthesis economically
viable.

The applied microwave synthesis is an adaptation of the
well-known nonaqueous synthesis of metal oxide nanoparticles,
including ternary metal oxides (TMOs), such as ZnFe,0,'* or
MgFe,0, spinels.'® In short, this method includes an ester
elimination step as direct consequence of a nucleophilic attack
of benzyl alcohol or a derivate thereof on a metal
acetylacetonate. In that process, an oxygen atom of the benzyl
alcohol molecule is transferred to the metal cation.'®

The (partial) replacement of benzyl alcohol or a derivate
thereof with the sulfur-analogue benzyl mercaptan results in
the incorporation of sulfur instead of oxygen in the crystal
structure of the formed product. A first feasibility study on the
extension of the benzyl alcohol method to binary metal sulfides
was reported by Ludi et al. for the case of ZnS and SnS,.7

For the one-step microwave synthesis of phase-pure Ni,FeS,
(Scheme 1, for experimental details see SI), stoichiometric

Scheme 1. Microwave-Assisted Preparation Route of
Violarite Nanosheets with Benzyl Mercaptan as Sulfur
Precursor

OH SH
i CH. H 200 °C
2 Ni(acac), -, ~  NiFeS,
Fe(acac), 30 min

amounts of nickel(II) acetylacetonate and iron(III) acetyla-
cetonate were dissolved in 10 mL of a mixture of rac-1-
phenylethanol and benzyl mercaptan. The reaction was
performed in a microwave reactor under constant stirring at
200 °C for only 30 min, which is the shortest reaction time for
the ?re}paration of synthetic phase-pure Ni,FeS, reported
ever. °~'* The obtained powder was precipitated with n-
pentane, washed with acetone—water mixtures and diethyl
ether, and finally dried at 80 °C. During the reaction, reduction
of Fe** and oxidation of Ni** occur, which might involve
benzyl mercaptan acting as electron shuttle.

Different solvent ratios of rac-1-phenylethanol and benzyl
mercaptan were tested for the synthesis of Ni,FeS,, with benzyl
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mercaptan concentrations ranging between 0 and S0 vol %.
Investigations by X-ray powder diffraction (XRPD) point out
that a benzyl mercaptan fraction of at least 40 vol % is
necessary to obtain phase-pure Ni,FeS, (Figure la and Figure

BMC: benzyl mercaptan
1-PE: rac-1-phenylethanol

NiFeS, (ICOD, no. 00-047-1740)
NiFe,0, (ICOD, no. 01-074-2081)
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Figure 1. (a) XRPD patterns of microwave-derived powders prepared
with different solvent ratios of rac-1-phenylethanol and benzyl
mercaptan. The amount of benzyl mercaptan was varied in a range
of 0—50 vol %, showing that 40 vol % are crucial to obtain phase-pure
violarite. (b) XP spectrum of phase-pure Ni,FeS,. The black dots
represent measured data points, the red line is the overall fit, and the
blue line corresponds to the background.

S2) with high reproducibility. Lower benzyl mercaptan
concentrations result in the formation of a NiFe,O, by-
phase. Hence, it can be concluded that the formation
mechanism proceeds faster for benzyl mercaptan, compared
to rac-1-phenylethanol. As a consequence of different reaction
kinetics (and mechanisms), benzyl mercaptan concentrations
as low as 40 vol % are sufficient for the synthesis of phase-pure
Ni,FeS,.

In the following, only samples prepared with a fraction of
40 vol % benzyl mercaptan in the solvent mixture will be
discussed regarding phase composition, morphology, stability,
and application in the CO, electroreduction, because of their

https://doi.org/10.1021/acsaem.1c01341
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phase-pure nature. In XRPD, all observed reflections can be
ascribed to the cubic thiospinel Ni,FeS, (ICOD No. 00-047-
1740), excluding the presence of any by-phases. Additional
XRPD with a silver X-ray tube was performed to reduce the
background due to sample fluorescence and confirm absolute
phase-purity (Figure $3). Analysis of the integral breadth of
(220), (400), (511), and (440) single reflections reveals a
crystallite domain size of 8.6 + 1.0 nm. By Rietveld refinement
(Figure S4), the lattice constant of the cubic crystal structure
was determined to be 9.47 A, which is in good agreement with
recent literature.” Further, calculated domain size via Rietveld
refinement is 9.7 + 1.2 nm, which is matching with the value
obtained from integral breadth analysis. The composition was
further investigated by X-ray photoelectron spectroscopy
(XPS; Figure S$). The quantitative analysis of the survey XP
spectrum is summarized in Table S1. The estimated iron to
nickel ratio of 0.53 matches well with the theoretical value of
0.5. However, the metal to sulfur ratio of 0.56 slightly deviates
from the ideal value of 0.75. XPS as a surface-sensitive
technique reveals a higher sulfur content than expected from
the sum formula, which could be explained by benzyl
mercaptan residues on the Ni,FeS, surface. Therefore, the
S 2p region was analyzed in detail via high-resolution XPS
(Figure 1b). In the relevant S 2p region, two main signal
groups are dominant. The signals in the region
160.4—165.7 eV can be assigned to sulfides. The sulfide signal
can be deconvoluted into three individual doublets, represent-
ing the spin—orbit splitting of S 2p;,, and S 2p,, lines. The
doublets can be correlated to the presence of three different
sulfur species, including monosulfide, disulfide, and polysulfide,
and could explain the slight differences in the mentioned metal
to sulfur ratio.'®

In addition, the other signals (167.3—171.7 eV) can be
assigned to sulfate species.'” Hence, sulfates are clearly present
on the sample surface. Observed signals are in good agreement
with the XPS profile of violarite reported by Mitchell et al.'
The presence of sulfur in the reaction product is moreover
confirmed by energy-dispersive X-ray (EDX) spectroscopy, as
well as the homogeneous distributions of incorporated
elements (Figures $6 and S7). For a semiquantitative analysis
with EDX spectroscopy (Table S1), five individual spots were
considered. In agreement with XPS, the iron to nickel ratio of
0.49 fits to the expected value, while the sulfur content (metal
to sulfur ratio, 0.86) is slightly larger than expected. EDXS is a
semibulk method, which verifies an enrichment of sulfur in the
Ni,FeS, bulk, compared to the surface. The thermal stability of
prepared Ni,FeS, was checked by thermogravimetric analysis
coupled with online mass spectrometry (TG-MS), showing
that the material is air-stable up to approximately 200 °C.
Beyond that, Ni,FeS, decomposes gradually upon temperature
increase, finally yielding NiFe,0, and NiO at 900 °C (Figures
S8 and S9).

Concluding the phase analysis, phase-pure Ni,FeS, thio-
spinel can be prepared by a simple, one-step microwave
synthesis in only 30 min,

The morphology of obtained Ni,FeS, was examined with
scanning electron microscopy (SEM; Figures 2a and $10) and
transmission electron microscopy (TEM; Figures 2b and
Slla—d). The depicted SEM images clearly reveal a sheet-like
morphology, which is confirmed by TEM analysis. The sheets
exhibit diameters of approximately 100—200 nm. The
thickness is less than 10 nm, which is in the range of estimated
crystallite domain size from XRPD. The HR-TEM image
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Figure 2. (a) SEM and (b) TEM images of phase-pure Ni,FeS,
nanosheets, prepared via the microwave-based sol—gel technique.

(Figure Slle) further shows lattice planes of Ni,FeS,, which
can be correlated to the high crystallinity of prepared
nanosheets, as already indicated by XRPD analysis. The rings
in the corresponding selected area electron diffraction pattern
(SAED; Figure S11f) can be assigned unambiguously to the
spinel-type structure of Ni,FeS,. The nanosheet-like morphol-
ogy of synthetic Ni,FeS, is further confirmed by the shape of
the corresponding nitrogen physisorption isotherm, which is
presented in Figure S12. A strong increase in the adsorbed
volume and a narrow hysteresis can be observed only at a high
relative pressure of >0.9. The slight hysteresis at high relative
pressure further underlines the SEM and TEM observations
due to the fact that nonporous, nonrigid plate-like particles/
sheets could form such an isotherm and are caused by
condensation of nitrogen in interparticular voids.”® The
nanosheets are nonporous, but the assembly of the nanosheets
leads to an interparticle porosity. The high specific surface area
of 80 m* g~' obtained from BET (Brunauer—Emmett—Teller)
analysis further demonstrates the assembled, nanostructured
morphology of synthesized Ni,FeS; nanosheets resulting in
voids between the sheets. The specific surface area is quite
remarkable for a Ni—Fe—S material with a high density of 4.65
cm® g, which is underlined by the comparison with
Niy,Fey3S, microflowers (11 m? g')*' and Ni-doped FeS,
nanoparticles (26 m* g™!).*

These are very important features since the performance of
an electrocatalyst can be controlled by tuning size,
composition, morphology, and architecture of applied
materials.” Nanostructuring can be beneficial, as it increases
the volume to bulk ratio and thus the number of active surface
sites.

In electrochemical CO, reduction in aqueous media, the
two-phase boundary contact between the catalyst surface and
the CO,-saturated aqueous phase is crucial to avoid further
impediments from the catalyst side. The two-phase contact
between both is influenced in turn by the surface properties of
the catalyst, with a hydrophobic surface being potentially
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impedin§ for the performance due to minimized interfacial
contact.”

Thus, water vapor physisorption measurements were
performed for microwave-derived Ni,FeS, (Figure S13).
Since the electrochemical experiments employed Ni,FeS,
electrodes supported on carbon paper, water vapor measure-
ments were additionally conducted on a respective electrode
with a catalyst loading of 2.2 mg cm™, as well as on bare
carbon paper. The area of the working electrodes was limited
to 1 cm, geometric area by using Kapton tape. The microwave-
derived Ni,FeS, nanopowder exhibits a high water vapor
uptake of 805 cm® g™' at 0.95 relative pressure (95%
humidity), owing to its high porosity and surface area and
preferable bulk hydrophilicity plus wettability. The hydro-
philicity can be explained with the sulfate surface groups,
which were identified via XPS. The main uptake of water
occurs at a relative pressure of >0.75. The combination of the
hydrophobic carbon paper (only water uptake of 20 cm? g™ at
0.95 p/py) and small amounts of the hydrophilic Ni,FeS,
nanopowder leads to an increased water uptake ability (water
uptake of Ni,FeS; on carbon paper of 152 ecm® g™ at 0.95
p/po) compared to pure carbon paper. The hydrophilicity of
the Ni,FeS, nanopowder improves attractive interactions
between the aqueous electrolyte and the catalyst to enhance
the performance of the electrocatalytic CO, reduction.**

The CO, electroreduction experiments were performed in a
two-compartment electrochemical cell, using a typical three-
electrode setup. A CO,-saturated 0.1 M KHCO; solution (pH
= 6.8) was used as the electrolyte and constantly purged with
carbon dioxide at a flow rate of 20 mL min™'. For electrode
preparation, as-synthesized sulfide was drop-cast onto a porous
carbon paper substrate (for experimental details see the SI).
Cyclic voltammetry (CV) was employed to investigate the
suitable potential range for the reaction (Figure S14). A change
in the current response could be observed starting from —0.5 V
vs RHE at pH 0, indicating CO, reduction below this potential.
A pronounced current increase at more negative potentials
suggests accelerated reduction reactions, assuming mostly the
hydrogen evolution reaction (HER). To investigate the
selectivity and activity dependence on the potential, the
reaction was carried out for 15 min each at —0.6 to —0.9 V vs
RHE. Although pristine carbon paper as support material itself
is conductive, the chronoamperometric measurement exhibits
no marked current response in the examined potential range,
because of its inactivity for the CO, electroreduction. On the
contrary, the chronoamperometric curves of the Ni,FeS,-
modified carbon paper electrodes show a stable current
response during 15 min (Figure 3a) of operation. Sub-
sequently, the product gases were analyzed via gas chromatog-
raphy (GC). The main products of electrochemical CO,
reduction with Ni,FeS, are carbon monoxide (CO) and
hydrogen (H,). Trace amounts of methane and liquid-phase
products such as methanol, ethanol, or isopropanol were
observed, however the concentrations were too low for
quantification (Figure S15). For each potential, the CO and
H, formation rates are presented in Figure 3b. The formation
rate was normalized to the mass loading. Calculated Faradaic
efficiencies (FEs) and gas-phase selectivities for CO gas
evolution are depicted in Figure 3c. Selectivities were
calculated on the assumption that only CO and H, are
formed. Averaged gas evolution rates, FEs, and selectivities for
CO production and the corresponding standard deviations of
the mean are further summarized comparatively in Table S2.
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Figure 3. (a) Chronoamperometric responses of Ni,FeS,-modified
carbon paper clectrodes measured for 15 min at constant potentials
ranging from —0.6 to —0.9 V vs RHE. (b) Carbon monoxide and
hydrogen formation rates after a reaction period of 15 min, as a
function of applied potential. (c) Faradaic efficiencies (FEs) plus
gaseous product selectivities for CO evolution as a function of applied
potential.

The highest FE of 5.9% was observed at a potential of —0.7 V
vs RHE. At potentials below —0.8 V vs RHE, a significant drop
in the CO Faradaic efficiency is apparent, indicating preferred
HER at this potential. In case the reaction was performed on
bare carbon paper electrodes, trace amounts of H, were
produced and no carbonaceous reduction products were
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detected, confirming the inactivity of pristine carbon paper for
the CO, reduction. Another noticeable observation from the
CV curves is the current density decrease in the second cycle
compared to the first, for both Ni,FeS,-loaded electrodes
before the CO, reduction reaction. This might be an indication
of surface cleaning processes.” To evaluate the stability of the
catalyst during the measurement in more detail, the duration of
the constant potential application was extended to 1 h at
—0.7 V vs RHE (Figure S16a). The current density decreases
slightly over time and a measurement of gaseous products at
10 min and 1 h of chronoamperometry reveals a slow
deactivation of the Ni,FeS,-modified carbon paper working
electrode. However, the Faradaic efficiency and gaseous
product selectivity for CO remain the same, which means
that CO and H, formation rates decrease simultaneously. A
potential explanation could be a decreased contact between
catalyst and carbon paper support material due to a visible
detachment process. A stable current density for longer periods
up to S h could be achieved by using an optimized Nafion
binder composition during electrode preparation. Ni,FeS,
attachment on the carbon paper substrate was significantly
improved by this, suggesting an increase in the actual Nafion
content, which concurrently resulted in a slightly lower current
density, due to the decreased conductivity and reduced
number of active sites, but ultimately in a very stable long-
time measurement (Figure S16b).*° In order to exclude
possible phase transformations during the reaction, the
working electrode was examined by XRPD after the electro-
chemical reduction reaction (Figure S17). Alongside the
Ni,FeS, thiospinel phase, two broad reflections appear at
34.2 and 60.5° 26, showing that the material is not entirely
stable during electrochemical CO, reduction. Although
unambiguous reflection assignment is not possible due to
weak intensities, the complete reduction to Ni® or Fe® can be
excluded. Possibly, partial decomposition of Ni,FeS, to NiSO,
and FeS, occurs, coupled with the simultaneous oxidation of
sulfide anions to elemental sulfur,”” which would explain
brown-greenish residues on the working electrode and the
sulfur-like odor after electrocatalytic tests. The decomposition
products may not contribute to the CO, reduction activity
(catalytic area loss); selectivity for H, in the CO, electro-
reduction to CO from potassium bicarbonate was already
reported for related compounds, such as pendlandite
Ni, ;Fe, sSs. Applying NiysFe Sy as electrocatalyst, product
distributions and selectivities could be adjusted precisely by the
process conditions, ie., by the choice of the solvent." Such
solvent dependence for Ni,FeS, will be investigated in future
studies. A different product distribution was observed in the
CO,; electroreduction from aqueous KHCOj; solution with
FeS,/NiS nanocomposites, yielding methanol as the main
product alongside hydrogen gas.z‘ Since both Ni and Fe
feature a low overpotential for the hydrogen evolution
reaction, H, evolution will always be expected alongside CO,
reduction.”” The hydrogen production efficiency was illus-
trated in a comparative experiment employing the same
electrocatalyst, electrolyte, and potential, but conducting the
experiment in Ar atmosphere (Figure S18). A very low
overpotential of only —0.2 V was observed.

In conclusion, Ni,FeS, thiospinel nanosheets with a high
specific surface area of 80 m* g~' were successfully prepared via
a simple and fast one-step microwave synthesis at 200 °C,
starting from Ni(acac), and Fe(acac); using benzyl mercaptan
as sulfur precursor. The reaction time of 30 min is significantly
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shorter than for any other syntheses reported in literature so
far. A benzyl mercaptan volume fraction of at least 40% in the
solvent mixture (benzyl mercaptan/rac-1-phenylethanol) is
necessary to obtain phase-pure Ni,FeS,. Otherwise, NiFe,0,/
Ni,FeS, heterostructures were observed. Phase-purity of
synthesized Ni,FeS, was thoroughly investigated and con-
firmed by multiple analysis techniques. Electrocatalytic CO,
reduction in CO,-saturated aqueous KHCO; was used as a test
reaction and yielded the syngas components CO and H, on
these Ni,FeS, nanosheets. At a potential —0.7 V vs RHE, a
gaseous product selectivity of 6.0% for CO generation was
achieved, which corresponds to a Faradaic efficiency of 5.9%.
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Experimental section

Mircowave synthesis of NiFeS,

For the preparation of Ni,FeS, nanosheets, 128.5 mg (0.5 mmol) of Ni(acac), (SigmaAldrich, for
synthesis) and 88.3 mg (0.25 mmol) of Fe(acac); (Acros Organics, +99%) were dissolved in 5-10 mL
of rac-1-phenylethanol (Sigmadldrich, 98%) using ultrasonification, before transferring the solution
into a 30 mL borosilicate microwave glass vessel. Subsequently, 0-5mL of benzyl mercaptan
(SigmaAldrich, 99%) were added under rigorous stirring (800 rpm). Then, the reaction mixture was
heated to 200 °C for 30 minutes using microwave irradiation (Anton Paar Monowave 400 with MAS24
autosampler) under constant stirring (800 rpm). During the heating process, the power was limited to
20-25 W to avoid overheating. After cooling down the reaction solution to 55 °C with compressed air,
obtained particles were precipitated with n-pentane and washed with acetone-water mixtures (3:1, 12:1,
12:1) plus diethyl ether. Finally, obtained nanosheets were dried at 80 °C overnight in a heating oven.

Electrode preparation and electrochemical measurements

Electrodes for the electrochemical reduction of CO, were prepared via drop-casting of 50 pL of an
ink containing the Ni,FeS, sample onto carbon paper (Freudenberg H2315-C2). The carbon paper was
cut into stripes measuring 1x2.5 cm and covered with Kapton-tape, leaving 1 cm? free for coverage with
the Ni,FeS, catalyst. For the ink preparation, 10 mg of Ni,FeS, were dispersed in 300 pL of i-propanol,
under addition of 20 uL of a 5 wt.% solution of Nafion in water/1-propanol (4lfa Aesar) as a binder.
The dispersion was ultrasonicated for at least | h prior to drop-casting. The electrodes were left to dry
at room temperature for 1 day. The carbon paper substrate was weighed before and after sulfide
deposition to determine the amount of catalyst on the electrode.

The electrochemical CO, reduction was performed in a custom made two compartment cell,
separated by a Selemion AMV-N anion-exchange membrane purchased from the AGC group. A Gamry
Reference 3000 potentiostat and the software Gamry Framework were employed for all electrochemical
measurements. The reduction was carried out in a 0.IM aqueous KHCO; solution, which was
continuously purged with CO, gas from the bottom of the working compartment at a flow rate of 20
mL/min using a calibrated mass flow controller (Bronkhorst). The electrolyte was saturated with CO,
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(99.995 volume%, Air Liquide) for 10 min prior to the measurement (pH 6.8). The potential was
measured against an Ag/AgCl reference electrode and a Pt mesh was used as the counter electrode. After
potential application for a certain time (15 min if not otherwise specified) at room temperature, gaseous
products were analyzed by gas chromatography (Shimadzu GC-2014), using a HayeSep Q and a
HayeSep R column in series and two detectors. A thermal conductivity detector (TCD) was employed
for the analysis of H,, whereas a methanizer in series with a flame ionization detector (FID) was used
for the detection of CO and hydrocarbons. Grade 5 Ar was used as the carrier gas. All potentials were
converted to RHE at pH 0 and corrected by iR. Liquid products in the electrolyte were analyzed using a
high performance liquid chromatograph (Shimadzu, Nexera) equipped with a Shim-pack GIST C18-AQ
column that flushed with 5 mM H,SO, at a flow rate of 0.5 mL/min and a SPD-40 UV-Vis detector, for
the analysis of carboxylic acids. Additionally, a gas chromatograph (Shimadzu, GC-2030), equipped
with a SH-Stabilwax column and a FID detector was employed for the detection of alcohols and
aldehydes. The Faradaic efficiency (FE) was calculated from the partial current for CO, that was derived
from the CO yicld and the total current, by averaging over the last 10 s before injection.

Ico
Ieco=xco"2co" F- 1 FE[%]:m-l()O
ota

With /;: partial current, /i,,: total current, x;: volume fraction, z;: number of electrons for the particular
reaction, F: Faraday constant, : molar gas flow.

The relative gascous product selectivity FS; was calculated by dividing the partial current by the sum of
the partial current of all considered products, here H, and CO, respectively.

Cyclic voltammetry (CV) was measured in the same setup as used for the CO, reduction. The solution
was saturated with CO, using a flow rate of 20 mL/min for 10 min. During the CV measurements, the
flow was reduced to 5 mL/min in order to avoid perturbation in the measurements. The potential was
swept in a window from -0.4 to -1.6 V vs. Ag/AgCl, using a scan rate of 10 mV/s.

Hydrogen evolution was performed in the same setup, but using Ar instead of CO, at a flow rate of
20 mL/min. The working electrode compartment was flushed for minimum 15 min with Ar before a
potential was applied. The pH of the Ar purged electrolyte was determined to be 9.8.

Characterization methods

X-ray powder diffraction (XRPD) patterns were measured with a Malvern PANanalytical Empyrean
device with PixCel ID detector using Cu Ko, irradiation with 2, = 1.54046 A and 4, =1.54439 A.
Hereby, acceleration voltage and emission current were set to 40 kV and 40 mA, respectively. To avoid
X-ray fluorescence, pulse-height discrimination (PHD) settings were adjusted to 8.05 keV (lower level)
and 11.27 keV (upper level). X-ray diffraction with Ag radiation was carried out with a STOE STADI
P Mythen2 4K diffractometer equipped with a Ge(111) monochromator, Ag Ka, radiation with
/. =0.5594 A and four Dectris MYTHEN2 R 1K strip detectors in Debye—Scherrer geometry
(transmission).! The sample was sealed in a glass capillary (Hilgenberg, & = 1 mm).

Rietveld analysis was executed using the program FullProf (version September-20). The
instrumental resolution was determined with a LaBg standard (NIST SRM 660c). For reflection
modelling, the Thompson-Cox-Hastings pseudo-Voigt function was applied.? The background was
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modelled using a Chebychev polynomial. The Rietveld refinement was based on the crystallographic
information file published by Vaughan and Craig.?

X-ray photoelectron (XP) spectra were collected on a VersaProbe Il Scanning XPS Microprobe
device (Physical Electronics) with a monochromatic Al Ka source. The survey scans were measured
with a pass energy of 224 eV, a step size 0of 0.8 eV, and a step time of 50 ms per step. For high-resolution
spectra in the S2p region, the pass energy was decreased to 26 ¢V, with a step size of 0.1 ¢V, and step
time of 50 ms. The beam diameter was 100 um for all measurements. During the measurements, samples
were flooded with low energy electrons and argon ions, in order to prevent surface charging. Samples
were not argon ion sputter-cleaned to prevent reduction of iron and nickel. Collected data points were
evaluated with the program CasaXPS with Gaussian-Lorentzian (GL30) line shapes and Shirley
backgrounds. Here, the C1s signal was set to 284.8 eV for charge correction.

Thermogravimetric (TG) analysis in synthetic air was performed with a Netzsch Jupiter STA 449C
thermo-balance, which was additionally coupled with a Neizsch Aeolos OMS 403C quadrupol mass
spectrometer (MS) for recording gasecous compounds, i.e. H,O (18), CO, (44), and SO, (64).

Scanning electron microscopy (SEM) images were taken on a Zeiss Leo 1530 instrument at an
acceleration voltage of 3 kV. The working distance was set to approximately 5 mm. For the
measurements, samples were placed on conductive carbon pads, before sputtering with Pt using a
Cressington Sputter Coater 208 HR. SEM images were processed with the program /mage.J 1.52a. For
energy-dispersive X-ray (EDX) spectroscopy with an UltraDry-EDX detector (model Thermo Fisher
Scientific 7), acceleration voltage and working distance were changed to 15 kV and 8 mm, respectively.

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) were
performed on a 200 kV JEOL JEM-2200FS EFTEM, equipped with Schottky FEG and In-Column
Omega Encrgyfilter. For sample preparation, the powders were dispersed in cthanol (Merck,
LiChrosolv®, gradient grade for liquid chromatography), before dropping a small amount onto a carbon
film coated Cu TEM grid (200 Mesh). TEM images and SAED patterns were edited with fmage.J 1.52a.

Nitrogen physisorption isotherms were collected on a QUADRASORB evo surface area & pore size
analyzer from Anton Paar. The measurement temperature was 77 K. Specific surface areas were
calculated using the model from Brunauer, Emmett, and Teller (BET). Prior to the measurements,
samples were pre-treated in vacuum at 100 °C for 6 hours. The program 4SiQwin 4.0® was used for
data evalution.

Volumetric H,0 vapor physisorption measurements were performed with the 4SiQMP-MP-AG setup
(Anton Paar QuantaTec, Boynton Beach, USA) at 20 °C and constant py = 2317.67 Pa (17.384 Torr).
Prior to the measurement, the samples were degassed at 100 °C for 6 h. ASiQwin 4.0® was used for data
evaluation.
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Additional data

Table S 1. Elemental composition of microwave-derived Ni,FeS,, estimated via X-ray photoelectron spectroscopy
(XPS) and energy-dispersive X-ray (EDX) spectroscopy.

C/at% O/at% S/at% Fe /at.% Ni/at.%
XPS 273 314 26.5 5:1 9.7
EDXS 11.2 36.1 28.3 8.0 16.4

Table S 2. Carbon monoxide and hydrogen formation rates during electrochemical CO, reduction with
Ni,FeS;-modified carbon paper working clectrodes after a reaction period of 15 minutes, depending on the applied
potential. Faradaic efficiencies (FE) and selectivities for CO evolution were calculated. Given values are averaged
from different runs, allowing error calculations (standard error of the mean). For a potential of -0.7 V vs. RHE,
only one run was performed.

Potential (RHE)/  Faradaic efficiency Selectivity / CO/ Hy/
v % % umol/h/mg umol/h/mg
-0.6 4.73 (1.08) 4.58 (0.90) 0.016 (0.003) 0.335(0.016)
-0.7 5.90 (0.37) 6.03 (0.41) 0.039 (0.004) 0.605 (0.057)
-0.8 4.44 4.31 0.048 1.074
-0.9 0.56 (0.06) 0.54 (0.06) 0.020 (0.005) 3.686 (0.200)
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Figure S 1. Cubic inverse spinel-type crystal structure of Ni,FeS,. Yellow balls represent S2, brown ones Fe?',
blue ones Ni** in tetrahedral sites, and green ones Ni*~ in octahedral sites.

Ni,FeS, (ICOD, no. 00-047-1740)

Normalized intensity / arb. units

10 20 30 40 50 60 70
20/° (Cu)

Figure S 2. Reproducibility of synthesis. X-ray powder diffraction (XRPD) patterns of synthesized Ni,FeS,
samples. The microwave-assisted synthesis was carried out 15 times to confirm reproducibility of the presented
procedure.
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Figure S 3: X-ray powder diffraction (XRPD) pattern of phase-pure Ni,FeS,, measured with a silver tube.

Intensity / counts

Ry, =95%
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Figure S 4. Rietveld refinement of microwave-derived phase-pure Ni,FeS, inverted thiospinel. Black dots indicate

measured data points.

The red line corresponds to the calculated pattern, while the blue line represents the

difference between measured data and calculated pattern. Green signs further mark the theoretical reflection

positions of Ni,FeS,.
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Figure S 5. Survey X-ray photoelectron spectrum of phase-pure Ni,FeS, with assignments of most relevant XP

spectroscopy signals.
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Figure S 6. Energy-dispersive X-ray (EDX) spectrum of phase-pure violarite with assignments of observed lines.
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Figure S 7. (a) Large area scanning electron microscopy (SEM) image of Ni,FeS, thiospinel. The arca was used
for energy-dispersive X-ray (EDX) spectroscopy elemental mapping of phase-pure Ni,FeS, for carbon (b), oxygen
(c¢), sulfur (d), iron (e), and nickel (f).
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Figure S 8. (a) Thermogravimetric (TG) analysis, (b) differential scanning calorimetry (DSC) analysis, and (c)
gas evolution curves during TG analysis, here monitored via mass spectrometry (MS). The experiment was
performed in synthetic air with a heating rate of 5 °C min-’.
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NiO (*, ICOD, no. 01-073-1519) Ni,FeS, (ICOD, no. 00-047-1740)
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Figure S 9. X-ray powder diffraction (XRPD) patterns of calcined Ni,FeS, powders. Ieating experiments were
performed in a muffle furnace under air atmosphere, with a heating ramp of 5 °C min™! and 5 h holding time.

Figure S 10. Additional SEM images of microwave-derived Ni,FeS, thiospinel nanosheets.
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Figure S 11. (a-d) Additional LR-TEM images of microwave-derived Ni,FeS, thiospinel nanosheets. A HR-TEM
image is presented in (e), showing lattice planes of NiFeS, (red marked). The SAED pattern of prepared
nanosheets (f) exhibits rings, which consists of small dots. The rings could be assigned unambiguously to the
(220), (311), (400), (511), and (440) reflections of spinel-type Ni,FeS; (ICOD, no. 00-047-1740).
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Figure S 12: Nitrogen physisorption isotherm of microwave-derived phase-pure Ni,FeS,, measured at 77 K.
Sample was pre-treated at 100 °C for 6 h before the measurement to remove adsorbed water. BET evalution yields

a specific surface area of 80 m? g'!. To exclude any structural changes during N, physisorption analysis, XRPD
pattern of the sample after the nitrogen physisorption analysis was measured (Inset).
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Figure S 13. Water vapor physisorption isotherms of microwave-derived Ni,FeS,, carbon paper modified with
2.2 mg cm! Ni,FeS, and blank carbon paper as reference. The adsorbed volumes at 0.95 relative pressure are:
805 cm? g'! (as-synthesized NiyFeS,), 152 em? g! (NiyFeS, on carbon paper), and 20 cm® g'! (blank carbon paper).
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Figure S 14. Cyclic voltammetry (CV) responses of blank carbon paper and Ni,FeS,-modified carbon paper
working electrodes, measured in 0.IM KHCO; with a scan rate of 10 mV s'. CV was also measured for
Ni,FeSs-modified electrodes afier five consecutive CO, reduction measurements (-0.7 V vs. RHE) for 15 min.
Five cycles in succession were measured for each run. The electrolyte was continuously purged with CO, at a flow
rate of 5 mL/min during the measurement.
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Figure S 15. Trace amount detection of methane and liquid-phase products (methanol, ethanol, iso-propanol) in
the CO, electroreduction with Ni,FeS, on carbon paper from CO,-satured 0.1M KHCO; solution, measured via
(a) gas chromatography (GC) and (b) liquid gas chromatography (LGC). Reference chromatograms for
conceivable reaction products (gaseous and liquid) are included. Prior to the measurements, a constant potential
of -0.9 V vs. RHE was applied for 15 minutes (GC) and for 1 h (LGC), respectively.
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Figure S 16. (a) Chronoamperometric responses of a Ni,I'eS4-modified carbon paper electrode measured for
60 minutes at a constant potential of -0.7 vs. RIIE. Prior to this run, the same potential was applied for 15 min. At
the end of first 15 min run and the second 60 minutes, gaseous reaction products were analyzed via GC. Faradaic
efficiencies (FE) and selectivities for carbon monoxide were also calculated (inserted Table). (b) Additional
chronoamperometric stability tests were conducted at -0.7 vs. RHE with two different Ni,FeS,-modified carbon
paper electrodes. Here, the duration was extended to three and five hours, respectively. For electrode preparation,
a fresh Nafion solution was used, containing more binder. Thereby, the adhesion of the catalyst layer was
improved, enabling longer reaction periods, while concurrently the current density decreased, due to the lower
conductivity and reduced number of active sites.
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Figure S 17. (a) X-ray diffraction patterns of blank carbon paper and Ni,FeSs-modified carbon paper electrodes,
measured after electrochemical 15 min CO, reduction experiments at a negative applied potentials of -0.6/-0.7 V
vs. RHE and (b) enlarged view of same XRD patterns. Electrode was prepared with a catalyst loading of
4.3 mg cm2. After the CO, reduction with Ni,FeS; on carbon paper, two broad reflections appear arise at
34.2 and 60.5 ° 26, which cannot be assigned to thiospinel Ni,FeS,, while all other reflections can be assigned to
(311), (400), (511), and (440) reflections of Ni>FeS,. However, reflections at 34.2 and 60.5 © 26 cannot assigned
unambiguously due to the low intensity.
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Figure S 18. Hydrogen evolution experiments with Ni,FeS, nanosheets. (a) Cyclic voltammetry (CV) responses
of Ni,FeS;-modified carbon paper working electrodes, measured in 0.1M KHCO; with a scan rate of 10 mV g7
The clectrolyte was constantly purged with Ar gas (20 mL min!). CV was also measured for Ni,FeS,-modified
electrodes after chronoamperometry at -0.7 V vs. RHE for 1h. Four cycles in succession were measured for each
run. The overpotential for the HER is clearly lower than for the CO2RR. The evolving reduction peak might
perhaps be attributed 1o a slow reduction of Ni(III) over the course of the measurement, possibly alongside
hydroxide formation that is favoured at higher pH (compared to that of the CO2RR).* Alternatively, it could be a
result of changes in the electrolyte composition due to partial conversion of HCO; to CO, and changes in the
solution pH. (b) H; evolution rates after a reaction period of 15 min.
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