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“Above all, do not fear difficult moments. The best comes from them.”

Rita Levi-Montalcini
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Zusammenfassung

Zusammenfassung

CeO; ist ein vielversprechendes Material fur die katalytische Riickgewinnung von Chlor
aus der heterogen katalysierten Umsetzung von Chlorwasserstoff und Sauerstoff (Dea-
con-Prozess). Sowohl die hohe thermische Stabilitdt als auch die Fahigkeit Sauerstoff
leicht ein- und auszubauen, ermdéglichten CeO; sich in den letzten Jahren als potenzielle
Alternative fiir den momentan eingesetzten und kostenintensiven RuO»-Katalysator zu
etablieren. Obwohl die Sauerstoffspeicherkapazitat (engl. oxygen storage capacity, kurz:
0SC) von CeO0; oftmals eng mit den katalytischen Eigenschaften in Oxidationsreaktionen
verknipft wird, fehlen grundlegende Untersuchungen um den Einfluss der OSC auf den
Deacon-Prozess aufzuklaren. Eine Herausforderung ist hierbei, ein geeignetes Modellsys-
tem zu finden, mit welchem sowohl die OSC als auch die katalytische Aktivitdt und Stabi-
litat unter realen Bedingungen gezielt getestet und evaluiert werden kdonnen. Hierfir wur-
den innerhalb des Promotionsprojektes CeO-basierte Mesostrukturen hergestellt, wel-
che einerseits Uber eine hohe spezifische Oberflaiche und andererseits liber eine hohe Zu-
ganglichkeit fir gasférmige Reaktanden verfiigen. Dabei wurden innerhalb der Promotion
zwei Teilziele verfolgt:

Als erstes wurden mit einer neuartigen Praparationsmethode auf Basis der Sol-Gel-Syn-
these und dem eingesetzten Templat Poly(isobuten)-block-Poly(ethylenoxid) (PIB-b-PEQ)
mesoporose CeO,-Materialien hergestellt, die Gber eine kubische Porenstruktur mit Me-
soporendurchmessern von ca. 12-14 nm verfligen. Die anschlieBende Dotierung von alio-
/isovalenten Metallionen (Gd3*, Zr**, Pr3+/**, Tb3*/4) zeigte, dass keine direkte Korrelation
zwischen der OSC und der katalytischen Aktivitdt im Deacon-Prozess besteht. Anders als
die Aktivitat, kann die beobachtete mangelnde katalytische Stabilitat der auch nur teil-
weise aliovalent-dotierten CeO,-Mesostrukturen tGber die zu hohe Anzahl von Sauerstoff-
stellen erklart werden, die die Formation von inaktivem CeCls fordern. Im Vergleich dazu
erwiesen sich die Zr-dotierten CeO»-Strukturen aufgrund ihrer hohen katalytischen Stabi-
litat als vielversprechend. Das zuvor entwickelte Synthesekonzept wurde erweitert, um
neben molekularen Prakursoren auch vorgefertigte Nanopartikel fiir den Templatierungs-
prozess zu verwenden. So konnte in einem zweiten Projekt der Einfluss der Mesostruktu-
rierung auf die OSC und die katalytischen Eigenschaften in der HCI-Oxidation untersucht
werden. Anders als die identisch behandelten aber nicht mesostrukturierten Nanopartikel,
ermoglicht die kontrollierte Anordnung solcher Nanopartikel — rundum spharischer Me-
soporen — einen besseren Zugang zur aktiven Oberflache, was durch die erhéhte dynami-
sche Sauerstoffspeicherkapazitat und spezifische Produktbildungsrate in der HCI-Oxida-
tion (engl. space time yield, kurz: STY) verifiziert wurde.

Das zweite Teilziel beinhaltet die Deposition von definierten CeO»-Schichten in mesopo-
rosen ZrO,-Substraten mithilfe der Atomlagenabscheidung (engl. atomic layer deposition,
kurz: ALD), um in zukiinftigen Projekten die Abhangigkeit der OSC von der Ce0O,-Schicht-
dicke unter realen Bedingungen zu studieren. Hierzu wurden die instrumentellen Parame-
ter der ALD sowie die moglichen Charakterisierungsoptionen auf Basis der bereits in der
Literatur umfassend untersuchten Abscheidung von TiO; getestet und auf porése CeO;-
ZrO-Substrate Ubertragen. Des Weiteren wurde die Praparation von mesopordsen ZrO»-
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Dinnschichten anhand mechanischer Verspannungsstudien optimiert, welche als Sub-
strate fir die CeO,-Abscheidung mittels ALD dienten. Obwohl die mesopordsen Diinn-
schichten ideale Modellsysteme sind, um den Wachstumsprozess mittels ALD zu verfolgen,
verfligen sie nicht tGber eine ausreichend hohe absolute Oberflache um die OSC im Fluss-
reaktor zu vermessen. Da die OSC dhnlich wie die ionische und elektronische Leitféhigkeit
von der Anzahl der Sauerstoffleerstellen und deren Mobilitat bei gegebener Temperatur
abhangt, wurde die Gesamtleitfahigkeit der Ce0,/ZrO,-ALD-Schichten mithilfe der Impe-
danzspektroskopie untersucht. Hiermit konnte demonstriert werden, dass ein Leitfahig-
keitsmaximum bei einer Schichtdicke von 3,4 nm vorliegt, welches sehr gut mit theoreti-
schen Berechnungen zum energetischen Minimum der Sauerstoffvakanzbildungsenthal-
pien in der Literatur Gbereinstimmt.

Das vorgelegte Promotionsprojekt demonstriert, dass sich mesopordse CeO;-Katalysato-
ren dank ihrer hohen spezifischen Oberflaiche und guten Zuganglichkeit fiir gasformige
Reaktanden ideal als Modellsysteme sowohl fiir die katalytischen Untersuchungen in der
HCl-Oxidation als auch fiir conformality’-Studien zur Abscheidung von Metalloxiden mit-
tels ALD eignen. In einem nachsten Schritt sollen die beiden Teilziele verknilpft werden,
indem die CeO-Abscheidung mittels ALD auf mesopordse Pulvermaterialien tGbertragen
wird und die entstehenden Modellkatalysatoren fiir OSC- und katalytische Untersuchun-
gen unter realen Bedingungen verwendet werden. Zukiinftige Studien sollten bevorzugt
mesoporose CeO,-Materialien als Modellkatalysatoren einsetzen, um den Einfluss der
0SC nicht nur auf die HCI-Oxidation, sondern auch auf andere Oxidationsreaktionen auf-
zuklaren. Dabei ist die hier beschriebene Herstellung innovativer MOx-CeO; Kern-Schale-
Modellsysteme durch die ALD zukunftsweisend, um nicht nur das Verstdandnis der OSC
und der katalytischen Eigenschaften zu vertiefen, sondern auch um neuartige Metalloxid-
katalysatoren mit hoher gemeinsamer Grenzflache zu entwickeln.

L Es existiert fir diesen Begriff keine direkte Ubersetzung in die deutsche Sprache. Es ist hiermit die gleich-
maRige Abscheidung eines Materials auf gekriimmten Oberflachen gemeint. Obwohl umgangssprachlich
haufig das Wort , konform” in diesem Zusammenhang genutzt wird, ist das zugehorige Substantiv ,, Konfor-
mitdt” von seiner eigentlichen Bedeutung in der Bildungssprache oder Technik nichtzutreffend.
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1. Einleitung

1. Einleitung

Die Chlorchemie ist untrennbar mit modernen Syntheseverfahren in der heutigen chemi-
schen Industrie verkniipft. Mit einer Produktion von mehr als 60 Millionen Tonnen pro
Jahr ist Chlor eine wichtige Basischemikalie fiir zahlreiche organische und anorganische
Produkte.l Obwohl Chlor in Form von chlorhaltigen Verbindungen oder iiber chlorierte
Zwischenstufen direkt am Herstellungsprozess beteiligt ist, sind eine Vielzahl von Endpro-
dukten wie Polyurethane oder Teflon® in der Kunststoffindustrie (siehe Abbildung 1)
schlussendlich chlorfrei.ll Bei diesen Synthesen kommt es zur Bildung von Chlorwasser-
stoff (HCl) als unerwiinschtes toxisches Nebenprodukt, welches nur begrenzt weiterver-
wendet werden kann. Die chemische Industrie ist daher bestrebt elementares Chlor aus
HCI zurickzugewinnen, um Prozesskreislaufe zu schlieen und damit die Nachhaltigkeit
solch groBtechnischer Prozesse zu erhéhen.
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Abbildung 1: Schematische Darstellung der Chloranwendungen innerhalb der chemischen Industrie.!?

Bereits vor 150 Jahren hat sich der englische Chemiker Henry Deacon erstmalig mit der
katalytischen Umsetzung von HCl zu Chlor beschiftigt.3! Der sogenannte Deacon-Prozess
war der erste Versuch, Chlor aus seinem unerwiinschten Nebenprodukt wiederzugewin-
nen. Obwohl das Verfahren einen bedeutenden Schritt zur Nachhaltigkeit darstellte, blieb
ein grofRtechnischer Einsatz aufgrund des verwendeten instabilen CuO-CuCl;-Katalysators
aus. Erst 1999 entwickelte Sumitomo Chemical™ einen stabilen Katalysator auf der Basis
von RuO>/TiO; (Rutil) fiir die HCI-Oxidation, der 85 % des HCI-Gases zu Chlor umsetzte.!
Dabei erfiillt das Katalysatormaterial zwei essentielle Eigenschaften: Stabilitdt und hohe
Aktivitdit.

Die begrenzte Verfugbarkeit und der hohe Rohstoffpreis von Ruthenium erschweren je-
doch einen grofStechnischen Einsatz. Aus diesem Grund begann die Suche nach kosten-
glinstigeren, alternativen Katalysatormaterialien, die eine dhnliche katalytische Stabilitat
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und Aktivitat wie RuO, aufweisen. Eines dieser Materialien ist CeO,, dessen Aktivitdt im
Vergleich zu RuO; zwar deutlich geringer ausfallt, allerdings auch bei héheren Reaktions-
temperaturen eine hohe Cl,-Ausbeute zuldsst und dabei chemisch stabil ist.®!

Der einfache Wechsel zwischen den beiden Oxidationsstufen Ce3* und Ce*" erméglicht
den Ein- und Ausbau von Sauerstoff bereits bei niedrigen Temperaturen um 300 °C.1") Es
lassen sich vor allem solche Redoxreaktionen mit Cerdioxid als Katalysator durchfiihren,
die bedingt durch den Reaktionsmechanismus von der hohen Sauerstoffspeicherkapazitat
(engl. oxygen storage capacity, kurz: OSC) des CeO; profitieren.® Die OSC hdngt von dem
Ce3*/Ce**-Verhiltnis und der damit verbundenen Bildung von Sauerstoffleerstellen ab,
welche aktiv an der Reaktion beteiligt sind. Sowohl die PartikelgréRe! von CeO; als auch
die Dotierung mit zum Beispiel Seltenerdoxiden verandern das Ce3*/Ce**-Verhiltnis und
folglich die Sauerstoffspeicherkapazitat. Granozzi et al. zeigten, dass ultradiinne Cerdi-
oxid-Schichten von wenigen Atomlagen auf oxidischen Tragermaterialien die Bildung von
Ce3*-Kationen an einer TiO>-Oberfliche signifikant verstirken.['® Des Weiteren konnte
eine Studie von Sun et al.'! verdeutlichen, dass diinne CeO,-Schichten mit erhéhtem
Ce3*-Gehalt die katalytische Aktivitdt und die Stabilitit in der HCI-Oxidation gegeniiber
entsprechenden CeO;-Partikeln verbessern konnten.

Um all die genannten Einfllisse unter realen Bedingungen systematisch zu untersuchen,
ist ein CeO,-basiertes Modellsystem notwendig, was einerseits eine hohe spezifische
Oberflache besitzt und andererseits eine hohe Zuganglichkeit fiir gasférmige Reaktanden
bietet. Im Gegensatz zu zufillig agglomertieren Nanopartikeln mit dhnlich groBen Ober-
flachen ist die katalytisch-aktive Oberflache in einem Material mit definierten Mesoporen
besser fiir die Reaktanden zuganglich. Mogliche morphologische Veranderungen in Folge
der HCI-Oxidation kdnnen zudem leicht anhand der Umorganisation bzw. Beschadigung
der geordneten Mesoporen-Strukturen mit mikroskopischen Methoden (Rasterkraft-
(AFM), Rasterelektronen- (REM) und Transmissionselektronenmikroskopie (TEM)) ver-
folgt werden. Solche morphologischen Veranderungen ermdglichen einen direkten Bezug
zur katalytischen Stabilitat der Cerdioxid-Nanokomposite. Dabei stellt in erster Linie die
Synthese dieser Mesostrukturen als Diinnschichten und Pulver mit untereinander ver-
kniipften Poren eine Herausforderung dar, die eine prazise Kontrolle des Templatierungs-
prozesses voraussetzt.

Die Promotion befasst sich demnach mit der Entwicklung von CeO;-Mesostrukturen, um
den Einfluss von der Sauerstoffspeicherfahigkeit auf die katalytische Aktivitat und Stabili-
tat in der HCI-Oxidation zu untersuchen und zu verbessern. Wahrend in der Literatur der
Mechanismus und die Eignung von CeO; als Katalysator fiir die HCI-Oxidation im Detail
beschrieben ist, fehlen grundlegende Untersuchungen und Erkenntnisse, um den Zusam-
menhang zwischen dem Ce3*/Ce*-Verhiltnis und der Sauerstoffspeicherfihigkeit zu ver-
stehen. Daher werden im Rahmen des Promotionsprojektes einerseits die Einfliisse der
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Seltenerdmetall-Dotierungen sowie der Mesostrukturierung - durch Einsatz von moleku-
laren Prakusoren bzw. Nanopartikeldispersionen — von porésen CeQO;-Strukturen auf die
Sauerstoffspeicherkapazitat untersucht (siehe Abbildung 2, linker Pfad). Andererseits
werden neuartige MOx/CeO; Kern/Schale-Modellsysteme mittels der Atomlagenabschei-
dung (ALD) entwickelt. Hierbei werden die Studien von Granozzi et al. und Sun et al. sys-
tematisch erweitert, indem definiert diinne CeO,-Schichten in mesopordse Tragersub-
strate aufgewachsen werden (siehe Abbildung 2, rechter Pfad).

100 nm

Syntheseoptimierung Atomlagenabscheidung
(ALD)

~—" Seltenerdmetall-
/ \ dotierung

Nanopartikel

vs. Mesostruktur \ _
Sauerstoffspeicherkapazitat

HCI-Oxidation

Abbildung 2: Schematische Darstellung des Ablaufs des Promotionsprojektee, welches sich auf die Herstel-
lung und Verwendung mesopordéser Diinnschichten und Pulver mit jeweils geordneten mesopordsen Struk-
turen als Modellsysteme fiir die HCI-Oxidation fokussiert. Diese werden zum einen aus Cerdioxid hergestellt,
um den Einfluss der Porenstruktur sowie Seltenerdoxid-Dotierungen auf die Sauerstoffspeicherkapazitat zu
untersuchen. Zum anderen werden durch die Methode der Atomlagenabscheidung (ALD) die Poren mit de-
finierten Schichten von Cerdioxid funktionalisiert, um den Zusammenhang zwischen Schichtdicke und Sau-
erstoffspeicherkapazitat aufzuklaren. Hierzu wird in einem ersten Schritt die Synthese von mesoporésen
TiO2- und ZrO2-Schichten optimiert und die Abscheidung via ALD in pordsen Schichten mit einem Beispiel-
system getestet.

Alle Teilziele arbeiten daraufhin, mesoporose CeO,-Materialien als Diinnfilme sowie Pul-
ver zu synthetisieren und als Modellsysteme zu etablieren, um die mit der OSC zusam-
menhdngenden katalytischen Eigenschaften in der HCI-Oxidation auf mikroskopischer
Ebene aufzukladren. In den nachfolgenden Kapiteln werden zum einen die Eignung von
Ce0; als Deacon-Katalysator und die Einflussfaktoren auf die Sauerstoffspeicherkapazitat
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beschrieben (Kapitel 2.1). Zum anderen wird der momentane Stand der ALD-Beschichtung
auf porose Substrate berichtet (Kapitel 2.2), welcher als Ausgangspunkt fir den in der
Promotion erarbeiteten Entwicklungsprozess dient (Kapitel 3).



2.1.1 Sauerstoffspeicherkapazitat (OSC)

2. Nanostrukturierte CeOz-Modellkatalysatoren in der HCI-Oxidation

2.1. CeOz im Deacon Prozess
Da es sich bei der HCI-Oxidation um einen schwach exothermen Prozess handelt, ist die
Reaktionstemperatur ein entscheidender Faktor fiir die Wahl des Katalysators. Gemal}
dem Prinzip des kleinsten Zwanges kdnnen nur geringe Ausbeuten bei hdherer Betriebs-
temperatur erreicht werden. Aus diesem Grund muss die Reaktion bei moglichst niedri-
gen Temperaturen ablaufen. 12714

K]

4 HCl+0, - 2Cl, + 2H,0 AH° = —118—
mol

Bei CuO, dem origindren Deacon Katalysator, bilden sich beispielsweise unter dem Einfluss
von HCI/Cl, die zugehorigen Kupferchloride, welche bei den notwendigen Reaktionstem-
peraturen von 430 °C fliichtig sind. Dies fiihrt zum Verlust der aktiven Phase und zu einer
unzureichenden Katalysatorstabilitit.['>"17] Die Stabilitit hinsichtlich der Chlorierung ist
folglich ein wichtiger Parameter bei der Auswahl eines geeigneten Katalysators.[*8

Ein Oxid, welches diese Bedingung erfiillt, ist Rutheniumoxid.[%121%-221 Aufgrund seiner ho-
hen Aktivitdat, kann die katalysierte Reaktion bereits bei niedrigeren Temperaturen
(350 °C) durchgefiihrt werden, woraus auch eine erhdhte katalytischen Stabilitat resultiert.
Die begrenzte Verflgbarkeit von Ruthenium lief§ Material- und Katalyseforscher nach ent-
sprechenden Alternativen suchen. Schomacker et al. postulierten mithilfe der Sauerstoff-
dissoziationsenergie geeignete Oxidmaterialien, um fir den Deacon-Prozess einen idea-
len Katalysator zu finden.[*?]

Die Untersuchungen zeigen, dass RuO; bereits die hochste katalytische Aktivitat im Dea-
con-Prozess unter Oxiden der Zusammensetzung MOy besitzt. Die Aktivitdt von anderen
geeigneten Metalloxiden kann jedoch durch Dotierungen oder die Bildung von Mischoxi-
den gesteigert werden.[?3>-2l Neben seinem groRen Vorkommen gilt CeO; aufgrund seiner
ausgepragten Redoxchemie als vielsprechende Katalysatoralternative fiir die HCI-Oxida-
tion.[28! Es besitzt zwar eine geringeren katalytischen Aktivitit im Deacon-Prozess, die eine
héhere Reaktionstemperatur (430 °C) im Vergleich zum RuO; (350 °C) erfordert!*3! und
dadurch mit einer herabgesetzten HCl-zu-Cl>-Konversion verbunden ist, jedoch besitzt
CeO; eine hdhere thermische Stabilitdt als Ru0,.?”! Zudem konnten Kanzler et al.[?®] de-
monstrieren, dass polykristalline RuO;-Nanofasern anders als einkristalline (100)- und
(110)-Ru0O,-Katalysatoren unter den harschen Bedingungen des Deacon-Prozesses nicht
stabil sind.

Bei Ce0;-Katalysatoren ist das als Nebenprodukt entstehende CeCls bei hoheren Tempe-
raturen nicht fllichtig im Vergleich zum CuCl; in CuO-basierten Katalysatoren. Dennoch ist
CeCls im Deacon-Prozess inaktiv, so dass die vermehrte Bildung wahrend des Katalysevor-
ganges vermieden werden soll. Amrute et al.[?®! postulierten 2012 einen Reaktionsmecha-
nismus fir die HCI-Oxidation Gber CeO,-Materialien. Er beinhaltet: (i) die Adsorption von
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HCIl-Wasserstoff an einem Oberflachensauerstoffatom unter Bildung einer Hydroxlgruppe
sowie einer adsorbierten Chlorspezies, (ii) Aufnahme eines weiteren Wasserstoffatoms
von HCl-Molekilen aus der Gasphase unter Bildung von HO, (iii) Desorption des gebilde-
ten Wassers, (iv) Auffiillen der Sauerstoffleerstellen mit dissoziativ adsorbiertem Sauer-
stoff und (v) die Rekombination von einem Chloratom in einer Sauerstoffvakanz mit einem
Chloratom auf der Oberflache zu molekularem Chlor. Beim Reaktionsmechanismus auf
RuO; besitzt die Abspaltung von molekularem Chlor die héchste Energiebarriere.’?! Im
Falle des CeO»-Katalysators liegt der ratenbestimmende Schritt bei der Chloraktivierung
von einer Gitterleerstelle zu einem Oberflichenplatz!?®!, welcher im Folgenden néher er-
ldutert wird. In einem ersten Schritt wird HCl (HClext) unter Besetzung einer Sauerstoff-
leerstelle (Vo®*) und der Protonierung eines benachbarten Sauerstoffions (Og) an der
Ce0,-Oberflache adsorbiert (siehe Gleichung (1)).

HCleye + Og + V& — OH® + Cl (1)

Gleichung (1) zeigt, dass Sauerstoffleerstellen im nicht-stochiometrischen CeO; essentiell
fur die katalytische Performance sind. Da dies zu anderen Oxidationsreaktionen3%-32l gna-
log verlauft, ist es von hochster Prioritat, die Bildung von Sauerstoffleerstellen zu verste-
hen und diese experimentell steuern zu kdnnen, um die katalytische Aktivitat und Stabili-
tat von CeO; in der HCI-Oxidation gezielt zu beeinflussen.

2.1.1 Sauerstoffspeicherkapazitat (OSC)

Die Anwendungsmaoglichkeiten von CeO, im Bereich der Katalyse sind sehr vielfaltig. Der
Einsatz von Cerdioxid als Trager, Additiv oder aktive Phase in einer katalytischen Reaktion
ist durch den einfachen Aus- und Einbau von Sauerstoff begriindet. Mittlerweile liegen
Forschungsergebnisse fir die SO,-Oxidation, Wassergas-Shift-Reaktion, CO-Oxidation so-
wie fiir die hier beschriebene HCI-Oxidation vor.B3%3%33:341 |n allen katalysierten Oxidati-
onsreaktionen scheint die beobachtete Aktivitdat eng mit der Sauerstoffspeicherfahigkeit
zu korrelieren 13135361

In Oxidationsreaktion mit CeO; als Katalysator wird das zu oxidierende Molekil mithilfe
von Sauerstoffionen aus dem Gitter oxidiert. Es bildet sich eine Sauerstoffleerstelle an der
Oberflache. Diese wird anschlieBend durch Sauerstoff als Reaktand gefiillt, so dass die
urspriingliche Ce3*-Umgebung zu Ce** reoxidiert wird (siehe Gleichung (2)).[23! Sauerstoff
kann folglich im Material reversibel ein- und wiederausgebaut werden. Diese physikoche-
mische Eigenschaft ist als Sauerstoffspeicherkapazitat (engl. oxygen storage capacity,
kurz: OSC) definiert.[7,30,37,38]

2 Ce0, = 2 Cepe + V3 + 3 0g + 0.5 0, (2)



2.1.1 Sauerstoffspeicherkapazitat (OSC)

In CeO; sind die Sauerstoffvakanzen Vo** die Hauptpunktdefekte, so dass das Metalloxid
meist als CeO,.5 angeben wird mit & als MaR fiir das Sauerstoffdefizit.[>®l Wahrend unter
oxidierenden Bedingungen nur eine Sauerstoffionenleitfahigkeit Gber die Bildung von
intrinsischen Anti-Frenkel Defektpaaren vorliegt*®l, kénnen unter reduzierenden Bedin-
gungen (Erniedrigung des Sauerstoffpartialdruckes, Reduktionsmittel, etc...) Ce**-lonen zu
Ce3*-lonen reduziert werden, so dass eine gemischte ionische und elektronische n-typi-
sche Leitfahigkeit vorherrscht. Entscheidend ist hierbei, dass der Sauerstofftransport von
der Anzahl der Leerstellen und Ce3*/Ce**-lonen in der Umgebung abhangt.

Die OSC wird durch qualitative oder quantitative Verfahren bestimmt, wobei letztere den
Wert meist mit der Einheit umol g angeben. Eine groRe Problematik in der Bestimmung
der OSC sind die zahlreichen Methoden sowie die unterschiedlich gewahlten Reaktions-
temperaturen, die einen Vergleich der Werte mit anderen Arbeitsgruppen erschweren.[’!
Fiir eine qualitative Untersuchung werden in vielen Literaturstellen die Defektbanden von
CeO; im Ramanspektrum auf die Hauptbande (F2) normiert und als MaR fiir die OSC for-
muliert.[41%31 Da allerdings nicht nur die Defekte, sondern auch die Mobilitit der Sauer-
stoffionen eine wichtige Rolle in der OSC einnehmen, ist die mit der Ramanspektroskopie
bestimmte Prognose allein nicht verlasslich.

Flr die quantitative Bestimmung wird unter anderem die thermogravimetrische Analyse
verwendet, bei der die Gewichtsdnderung des zu untersuchenden CeO,-Materials unter
Sauerstoff- und CO/H,-reicher Atmosphire gemessen wird.[*¢~*8 Eine weitere Option fiir
die OSC bildet die Temperature Programmed Reduction (TPR) Methode.[374%->1] Hier wird
die Probe unter Wasserstoff- oder Kohlenstoffmonoxidatmosphére (H2-TPR bzw. CO-TPR)
auf bis zu 1000 °C geheizt, wobei der austretende Sauerstoff aus CeO: lber die thermische
Leitfahigkeit oder Uber sein Signal im Massenspektrum detektiert wird. Die quantitative
Analyse erfolgt (iber die Integration des Sauerstoffsignales bis hin zur gewiinschten Tem-
peratur, wobei bei CeO, meist zwei groRe Peaks zu beobachten sind.[®? Ersterer besitzt
sein Maximum bei ca. 400 °C und wird dem Sauerstoff in Oberflachenndhe zugeschrieben.
Erst bei Temperaturen von tber 700 °C kann auch der Sauerstoff aus dem bulk-Material
entzogen werden, welcher durch die temperaturabhangige Diffusion an die Oberflache
der CeO,-Probe transportiert werden kann.!>354 |n vielen Fillen wurde mit dieser Metho-
dik der Einfluss von Nanostrukturierung und Fremdatomdotierung auf die Verschiebung
der beiden Signalmaxima und der Sauerstoffspeicherkapazitit untersucht.32°35% Jedoch
berlicksichtigt das Verfahren nicht, dass bei der Reduktion von CeO; ein thermodynami-
sches Gleichgewicht vorliegen muss, um die komplette Sauerstoffspeicherkapazitat bei
einer bestimmten Temperatur zu ermitteln.

Eine Methode, die dies beriicksichtigt, ist die pulse injection method>%>%, bei der die
Ce0;-Probe mit hoher spezifischer Oberflache bei definierter Temperatur Gber kurze Gas-
pulse von wenigen Sekunden mit CO oder H; reduziert und anschliefend mit Oz-Pulsen
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oxidiert wird. Die Gase kdnnen analog zum TPR-Verfahren liber einen Warmeleitfahig-
keitsdetektor (engl. Thermal Conductivity Detector, kurz: TCD) ermittelt werden. Der ge-
speicherte Sauerstoff wird hierbei tiber O;-Referenzpulse und die Integration der TCD-
Signale bestimmt. Durch aufeinanderfolgende Reduktionspulse wird die Probe bis zum
Maximum bei der gewédhlten Temperatur reduziert, so dass mittels sukzessiven Sauer-
stoffpulsen die komplette Sauerstoffspeicherkapazitat bei der vorgegebenen Temperatur
(total oder complete OSC, kurz: OSCc) berechnet wird. Bei der hier im Projekt verwende-
ten Temperatur von 430 °C, welche analog zur Reaktionstemperatur in der HCI-Oxidation
gehalten ist, werden neben dem Oberflachensauerstoff auch die mobilen Sauerstoffspe-
zies im Bulk berticksichtigt.[”3%571 Um lediglich den reaktivsten Sauerstoff zu ermitteln,
kann mit selbiger Methode, aber alternierenden CO/H»- und O,-Pulsen, die sogenannte
dynamische OSC[3847:58] hestimmt werden. Sie zeichnet sich dadurch aus, dass der am ein-
fachsten verfiigbare Sauerstoff aus dem Gitter ausgebaut wird.[>%60

Sowohl die totale als auch die dynamische OSC kénnen liber zahlreiche Praparationsme-
thoden gesteuert werden. Die entscheidenden Faktoren sind die Sauerstoffleerstellenbil-
dungsenthalpie und die Mobilitit des Gittersauerstoffes.[”:3%:3261 Dje Sauerstoffbildungs-
enthalpie hat einen Einfluss auf die Anzahl der intrinsischen Defekte bei gegebener Tem-
peratur, wahrend die Mobilitat des Gittersauerstoff bzw. der Sauerstoffleerstellen durch
die vorherrschende Anzahl der Leerstellen!3®! und der Migrationsenthalpiel®®62] bedingt
ist. Letztere beiden Parameter konnen einerseits durch Nanostrukturierung (Kapitel 2.1.2)
gesteuert werden, um die Anzahl von strukturell bedingten Defekten zu erhéhen, und an-
dererseits durch das Einbringen von aliovalenten Fremdatomen (Kapitel 2.1.3) manipu-
liert werden, die die Bildung extrinsischer Defekte beglinstigt. In beiden Fallen wird analog
zu den gebildeten Fehlstellen gemiR Gleichung (2) auch die Anzahl von Ce3*-lonen erhéht.
Folglich ist das Verhaltnis von Ce3* zu Ce**- ein qualitatives Merkmal fiir die vorhandenen
Defekte in CeO..

2.1.2 Nano- und Mesostrukturierung

Eine Nanostrukturierung von Katalysatoren erweist sich meist als vorteilhaft, da durch die
Herstellung kleiner Nanopartikel oder —teilchen immer eine hohere spezifische Oberfla-
che und eine grolRere Anzahl von aktiven Platzen resultiert. Dabei kann die Nanostruktu-
rierung von Metalloxiden Uber verschiedene Wege erfolgen. So kdnnen neben sphari-
schen Partikeln[®364 unterschiedlicher GroRe auch Nanostrukturen synthetisiert werden,
die an der Oberflache nur Gber eine definierte Oberflachenterminierung verfiigen. Im Be-
reich des CeO, wurden beispielsweise Nanowdrfel (100), Nanostdbe (110) oder Nanook-
taeder (111) mittels Hydrothermalverfahren hergestellt.5>%7] Dabei weisen die Netzebe-
nen unterschiedliche Oberflachenenergien und Bildungsenthalpien fiir die Sauerstoffleer-
stellen auf. Fir Ersteres ist die Reihenfolge (100) < (110) < (111), woraus entnommen wer-
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den kann, dass die (111)-Oberflache die thermodynamisch stabilste bzw. die (100)-Ober-
fliche die reaktivste Netzebene darstellt.®8701 Mittels Computersimulationen wurde
diese Rangfolge fir die katalytische Reaktivitat in Oxidationsreaktionen vorausge-
sagt.[®®71] Experimentell wurde dies zundchst von Zhou et al. mithilfe der CO-Oxidation
und dem Vergleich zu undefinierten Nanopartikeln dhnlicher BET-Oberfliche bestatigt.l”?!
Weitere Studien folgten und ermittelten, dass Nanostabe die héchste Aktivitdt normiert
auf die BET-Oberflache in der CO-Oxidation besitzen. Es konnte sich folglich die Reihen-
folge (110) > (100) > (111) etablieren[’3], welches die exakt umgekehrte Sequenz der Bil-
dungsenthalpien fiir die Sauerstoffleerstellen ((110) < (100) < (111)) darstellt.’* Ausge-
hend vom Mars-van Krevelen-Mechanismus wurde formuliert, dass eine Erhéhung der
Sauerstoffvakanzbildung, eine hohere Aktivitdt in Oxidationsreaktionen zur Folge
hatte.l”%] Dieses Phanomen konnte auch fiir weitere Oxidationsreaktionen wie unter an-
derem der RuRoxidation (soot oxidation) bestatigt werden.”> Im Falle der HCI-Oxidation
konnten Li et al. diesen Trend weiterhin verifizieren.[®”) Unter den harschen Bedingungen
des Deacon-Prozesses zeigte sich analog zu den genannten Oxidationsreaktionen die
hochste Reaktivitdt bei den Nanostdben, die zudem noch eine verbesserte Stabilitdt ge-
genliber der Bildung von CeCl; aufwiesen. Beide Parameter stimmen damit sehr gut mit
dem Trend der gemessenen OSC-Werten Uberein.

Neben dem Einfluss der verschiedenen Oberflichenterminierungen auf die Sauer-
stoffspeicherkapazitdt und den katalytischen Eigenschaften spielt auch die PartikelgrofRe
eine entscheidende Rolle fiir die Oberflaichenchemie von CeO;-Materialien. Tsunekawa et
al. demonstrierten experimentell, dass die Gitterkonstante von 2 — 8 nm grofRen CeO»-
Partikeln immens ansteigt verglichen mit nicht-nanoskopischem Ce0,.[’%77] Neben Desh-
pande et al.”®! korrelieren auch Zhou und Huebner diesen Anstieg mit der erhdhten Kon-
zentration von gréReren Ce3*-lonen und der damit verbundenen héheren Anzahl von Sau-
erstoffleerstellen.”® Letztere bestimmten diese Anzahl der Defekte (iber die Verdnderung
der Gitterkonstante mit der Grof3e der Partikel. Dabei lassen die Autoren aulRen vor, dass
sich Defekte eher an der CeO;-Oberflache befinden als im Inneren des Partikels und so
maRgeblich an dem Austausch mit Sauerstoff beteiligt sind.”®! Eine direkte Korrelation der
PartikelgréRe mit der OSC ist so nicht moglich. Erst Ozkan et al. synthetisierten basierend
auf einer angepassten Hydrothermalmethode mit einem tetravalenten Cerprakursor
((NH4)2Ce(NOs)s) sphéarische CeO,-Partikel unterschiedlicher GroRe, die Uber einen defekt-
freien Bulkzustand verfiigen.!®! Unabhingig von Defekten und Gitterverspannungen
konnte so der Einfluss der PartikelgroBe im Bereich von 4 — 12 nm auf die OSC bestimmt
werden. Anders als Sayle et al. postulierten, ergab sich die hdchste OSCc fiir die grof3ten
Partikel (12 nm) bedingt durch die geringere Bildungsenthalpie bei wachsenden Parti-
keln.[1.82] Dje Autoren weisen zudem daraufhin, dass es ein Optimum der PartikelgréRe
fir die OSC gibt. Allerdings ist die Herstellung von Partikeln mit definierter GréRe in den
hoheren Bereichen (> 15 nm) nur schwierig zu steuern. Unkontrollierte Agglomeration
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Abbildung 3: Schematische Darstellung der soft templating Methode (iber einen Sol-Gel-Ansatz zur Pra-
paration geordneter Mesoporenstrukturen.

und Sinterprozesse fihren zu undefinierten PartikelgréBen, so dass nicht die gesamte
Oberflache fir katalytische Prozesse zugénglich ist.

Die Verwendung von mesopordsen Materialien ist hier vorteilhaft, da diese bei gleichho-
hen spezifischen Oberflachen eine bessere Zugdnglichkeit fiir die Reaktanden bieten.
Mogliche morphologische Verdanderungen in Folge katalytischer Prozesse kbnnen zudem
leicht anhand der Umorganisation bzw. Beschadigung der geordneten Mesoporen-Struk-
turen mit mikroskopischen Methoden verfolgt werden. Solche morphologischen Veran-
derungen ermoglichen einen direkten Bezug zur katalytischen Stabilitat der Cerdioxid-Na-
nokomposite.

Geordnete Mesostrukturierung kann mithilfe des Templatverfahrens induziert werden,
welche grob in drei Schritte eingeteilt ist: (i) Praparation des Templats, (ii) Synthese des
Zielmaterials unter Einfluss des Templats und (iii) Templatentfernung. Des Weiteren wird
zwischen hard templating und soft templating unterschieden.®3-8¢] Bej Ersterem bildet
eine feste, starre Struktur wie u. a. vorgefertigte Polymerkugeln oder porése Membranen
aus Si0,18788 oder Al,03 189901 das strukturdirigierende Reagenz, welches anschlieRend
nasschemisch impragniert wird. Nachdem das gewiinschte Material in die kristalline Form
Uberflhrt wird, muss das Templat vorzugsweise mittels Tempern oder dem Einsatz von
Natronlauge oder Flusssaure bei SiO>-basierten Templaten® vollstindig entfernt werden.
Obwohl mit diesem Verfahren hochgeordnete pordse Strukturen hergestellt werden kon-
nen, ist die Auswahl von geeigneten Templatmaterialien begrenzt und deren Beseitigung
erfolgt meist unvollstandig.®? Die daraus resultierende Verunreinigung an der Oberfliche
des Zielmaterials erschwert folglich eine systematische Untersuchung katalytisch aktiver
Materialien wie beispielsweise CeO,. Das soft templating hingegen basiert auf der Ver-
wendung von ambiphilen Tensidmolekiilen, welche sich parallel zu den Prakursoren des
Zielmaterials in Losung befinden und sich gemal ihrer Hydrophilie zu Mizellverbanden
organisieren (siehe Abbildung 3).1%3%4 Die Wahl der Tenside entscheidet hier maRgeblich,
welche Porendurchmesser — meist zwischen 2-30 nm — und -anordnung generiert wer-
den.!! Die Entfernung der Polymermizellen erfolgt zudem bereits bei niedrigeren Tem-
peraturen vollstandig und verzichtet auf den Einsatz stark dtzender Substanzen. Obwohl
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Abbildung 4: Vergleich zwischen auf Nanopartikeln und Sol-Gel-Synthese basierender mesoporéser CeO»-
Strukturen fir den Einsatz als Modellkatalysatoren.

ein hohes Verstandnis der physikochemischen Wechselwirkungen zwischen Mizelle und
Prakursor notwendig ist, eignet sich das soft templating nicht zuletzt durch die hohe An-
zahl von moglichen Templaten ideal, um die Poren- und PartikelgréRRe zu variieren und
deren Einfllsse auf katalytische Eigenschaften zu studieren. Weiterhin lassen sich hiermit
Substrate mit hoher spezifischer Oberflache herstellen, welche fir die Oberflachenfunk-
tionalisierung mit aktiven Materialien dienen.

Ein Spezialfall des soft templating ist der sogenannten EISA-Prozess!®®l, mit welchem so-
wohl mesopordse Diinnschichten also auch Pulver prapariert werden. EISA steht fiir eva-
poration-induced self-assembly und basiert auf der Selbstanordnung von Tensidmoleki-
len zu Mizellen beim Verdampfen des Loésungsmittels (meist Alkohole). Die Methode be-
ruht im Generellen auf einem Sol-Gel-Ansatz, der zur Synthese von nanokristallinen Me-
talloxid-Schichten und -Pulvern verwendet werden kann.’-°1 Als Ausgangsmaterialien
fir das jeweilige Metalloxid werden die entsprechenden Metallalkoxide oder Metallsalze
eingesetzt, welche durch Zugabe von Wasser hydrolysiert und sukzessiv kondensiert wer-
den. Die Mesostrukturierung erfolgt dabei durch ambiphile Tenside mit polarer Kopf-
gruppe und unpolarem Schwanz, die im Sol Mizellen ausbilden.[® Das mesoporése Oxid
entsteht durch anschliefendes Entfernen des Polymertemplats bei héheren Temperatu-
ren (ca. 300 — 500 °C), so dass im Sinne eines Replikationsprozesses jede Mizelle in eine
entsprechende Mesopore umgewandelt wird. Die Porenwanddicke und die Porengrof3e
konnen durch das eingesetzte Polymer variiert werden, wahrend die PartikelgroRRe tber
die Dauer der Temperaturbehandlung gesteuert wird.[101,102]

Neben molekularen Prakursoren kdnnen auch vorgefertigte Nanopartikel verwendet wer-
den. Die Herstellung Uber Sol-Gel-Synthesen eignet sich meist nur fiir Materialien, die
Uber entsprechende Metallalkoxide oder —salze verfiigen, deren Hydrolyse- und Konden-
sationsreaktion gesteuert werden konnen. Im Falle von CeO; wird hier meist CeClsx7H,0
gewaih|t.1101,103,104] Allerdings verkompliziert sich der Prozess bei der Synthese von Multi-
materialoxiden unter Einsatz mehrerer molekularer Prakursoren. Die entsprechenden Re-
aktionsschritte miissen kompatibel sein, um keine Nebenphasen oder Phasensegregation
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zu erhalten. Somit eignen sich vorgefertigte Nanopartikel, die bereits die gewiinschte Sto-
chiometrie besitzen und in kristalliner Form vorliegen, als Prakursoren fiir den Templat-
prozess.[64105106] 7udem erhéht sich die spezifische Oberflache stark, da neben den indu-
zierten Mesoporen durch das Templat auch interpartikulare Zwischenraume die Porositat
steigern. Jedoch sind bedingt durch die Wandstarke zwischen den Mesoporen definiert
kleine PartikelgréBen mit enger PartikelgroBenverteilung notwendig, um die Mesoporen
in das Material zu integrieren. Da es sich bei Nanopartikeln anders als bei den Sol-Gel-
Prakursoren um sehr unflexible und starre Strukturen handelt, kbnnen meist keine hoch-
geordneten Mesostrukturen hergestellt werden (siehe Abbildung 4).[97:108]

Um die Mesostrukturierung besser zu kontrollieren, wurden Block-Copolymere entwickelt,
die entsprechend ihrer Zusammensetzung grofRenspezifische Mesoporen generieren. Die
bekanntesten Vertreter solcher Block-Copolymere sind die Polymerserien Pluronic® P-123
und F-127, welche aus alternierenden Blockeinheiten von hydrophilem Polyethylenoxid
(PEO) und hydrophobem Polypropylenoxid (PPO) bestehen und je nach Konzentration
sphérische oder zylindrische Mizellen ausbilden.[19°-111 Mithilfe dieser strukturdirigieren-
den Reagenzien lassen sich entsprechend der Blockeinheiten- und folglich MizellengrofRRe
Porendurchmesser von etwa 5 bzw. 8 nm herstellen. Wahrend mit diesen Polymeren er-
folgreich hochgeordnete Strukturen aus SiO> wie SBA-151991121 oder KIT-6[113114] herge-
stellt werden kdnnen, erweist sich die Ausbildung geordneter Porenstruktur mit kristalli-
nen Wianden bei Metalloxiden (wie TiO2, ZrO3, Al,03, Ce0,, etc.)[103.115-118] 3|5 durchaus
herausfordernd. Griinde hierfiir sind unter anderem die erhéhte Hydrolyse- und Konden-
sationsgeschwindigkeit metalloxidischer Prakursoren sowie das Partikel- bzw. Kristallit-
wachstum der Metalloxide bei erhohten Temperaturen. Die KristallitgroBe kann so die aus
dem verwendeten Templat resultierende geringe Porenwanddicke von ca. 4 nm!19 {iber-
steigen, wodurch die geordnete Porenstruktur gestort wird.

Alternative  Blockpolymere wie  Poly(ethylen-co-butylen)-block-Poly(ethylenoxid)
(KLE)103,119-124] oder Poly(isobuten)-block-Poly(ethylenoxid) (PIB-b-PEQ)[102:108,125-127) jha_
heben diese Nachteile und verfligen lber eine erhéhte thermische Stabilitat und bilden
Wanddicken von ca. 11 nm aus. Die genannten Diblock-Copolymere besitzen zudem den
Vorteil, dass sie sich bereits bei sehr geringen Konzentrationen zu kugelférmigen Mizellen
anordnen und einen Durchmesser von ca.20—-30 nm besitzen. Da die verwendeten
Diblock-Copolymere uniforme Mizellen mit identischer GroRRe bilden, kdnnen mesopo-
rose CeO,-Materialien mit definierter PorengréRe und Mesostruktur erhalten werden. Die
Porenwanddicke und die PorengréfRe konnen durch das eingesetzte Polymer variiert wer-
den, wahrend die PartikelgroRe tGber die Dauer der Temperaturbehandlung gesteuert
wird.[102128129] E< |3ssen sich mit dem modifizierten EISA-Prozess Verfahren sowohl diinne
Schichten als auch Pulver herstellen.
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Die diinnen Schichten werden Uber das Verfahren der Tauchbeschichtung prapariert, bei
der ein Substrat in eine Losung eingetaucht und mit definierter Geschwindigkeit heraus-
gezogen wird.[13% Alternativ kdnnen die Diinnfilme (iber die Rotationsbeschichtung her-
gestellt werden, bei der die gegebene Prakursorldsung auf ein Substrat mit eingestellter
Rotationsgeschwindigkeit aufgebracht wird. In beiden Fillen verdampft das verwendete
Losungsmittel bereits wahrend der Beschichtung, so dass sich eine diinne Schicht abhan-
gig von der Rotation- bzw. Zuggeschwindigkeit und der Luftfeuchte ergibt.['31] Mit diesem
Verfahren konnte eine Reihe von mesopordsen Metalloxiden als Diinnschichten prapa-
riert werden.[98123]

Dank der geordneten Ausrichtung der Mesoporen und der definierten Probengeometrie
stellen mesoporoése Schichten perfekte Modellsysteme dar, um die Funktionalisierung der
porosen Oberflache zu dokumentieren (siehe Kapitel 2.2.). Zwar besitzen mesopordose
Diinnschichten und analog praparierte mesoporose Pulver die gleiche spezifische Ober-
flache in Quadratmeter pro Gramm, allerdings unterscheidet sich die verfiigbare Masse
und damit die Anzahl an aktiven Stellen. Aufgrund des daraus resultierenden erhéhten
Signal-zu-Rausch-Verhaltnis, kdnnen so an mesopordsen Pulvern die Sauerstoffspeicher-
kapazitat und katalytischen Eigenschaften unter realen Bedingungen statistisch genauer
und zuverlassiger erfasst werden.

Die Herstellung von mesoporésen Metalloxid-Pulvern basiert grundsatzlich auf der glei-
chen Ausgangslosung wie bei der Herstellung mesopordser Dinnfilme. Ein grundsatzli-
ches Problem bei der Praparation von Pulvern liegt im potentiell inhomogenen Verlauf
der Kondensation in der Sol-Gel-Reaktion, da das Entfernen der Losungsmittel als zentra-
lem Schritt beim Templatierungsprozess an der Oberflache schneller erfolgt als im Inneren
der Probe. Die Mizellbildung der verwendeten PIB-b-PEO Block-Copolymere ist jedoch
sehr robust gegeniber solchen Inhomogenitaten, so dass die Mesoporenstruktur ahnlich
geordnet ausgebildet wird wie bei Dinnfilmen.

Dies wird durch eine kiirzlich veroffentlichte Publikation von Eder et al. bestatigt, in der
die Herstellung von WOs-Pulver mit geordneter Porenstruktur im Hinblick auf photokata-
lytische Anwendungen beschrieben ist.[32] Die Synthese gelang hierbei (iber Polyisopren-
block-Polyethylenoxid (PI-b-PEQ), welches weiterhin von Weller et al. verwendet wurde,
um komplexe Oxide wie CsTaWOs herzustellen.!133]

Bisher existieren nur wenige Publikationen zur Herstellung von Cerdioxid-Pulvern mit ge-
ordneter Mesoporenstruktur, wobei die meisten Synthesen auf hard templating beru-
hen.[87.134-136] Sayle und Mitarbeiter konnten mithilfe von theoretischen Berechnungen
demonstrieren, dass zwar die GroRe der Mesoporengrofle eine Rolle spielt, die Sauer-
stoffspeicherkapazitat jedoch maRgeblich von der Wanddicke analog zu dem Einfluss von
PartikelgréRen beeinflusst wird.l3”] In den meisten Beispielen in der Literatur werden le-
diglich ungeordnete CeO,-Strukturen verwendet, um hohe Oberflachen fiir die katalyti-
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schen Messungen zu generieren. Jedoch verfiigen diese Materialien nicht Gber eine defi-
nierte Wandstarke, um die theoretisch ermittelten Werte zu bestéatigen. Folglich ist ein
mesostrukturiertes CeO,-Material wiinschenswert, welches tber definierte Porengrofien
und Wanddicken verfiigt. Wahrend die Reaktanden durch die Mesoporen die gesamte
Oberflache des Materials erreichen kénnen, kann die Wandstruktur tiber Dotierungen o-
der unterschiedliche PartikelgroRen variiert werden. Zudem stellt die Verteilung der Po-
rengroRen vor und nach der HCI-Oxidation einen direkten Zusammenhang zu der Kataly-
satorstabilitat her. Mesoporése Pulver bilden somit ein neues, geeignetes Modellsystem
far Einflussstudien obig genannter Parameter auf die OSC sowie der katalytischen Aktivi-
tat und Stabilitat im Deacon-Prozess.

2.1.3 Dotierungen mit Seltenerdmetallen

Die Dotierung mit Fremdatomen erwies sich als eine vielversprechende Option das
Ce3*/Ce**-Verhiltnis zu kontrollieren und damit die Bildung von Sauerstoffleerstellen zu
beglinstigen. Neben Untersuchungen zu tetravalenten lonen konnte in der Literatur ge-
zeigt werden, dass trivalente Kationen wie La3*, Eu3*, Gd3* und Sm3* die Konzentration an
Sauerstoffleerstellen und damit die lonenleitfahigkeit in CeO,-basierten Materialien erho-
hen.[!38-1401 Wenn ein aliovalentes lon in das CeO,-Gitter eingebaut wird, entsteht eine
weitere Sauerstoffleerstelle zusammen mit der Reduktion eines benachbarten Ce**-lon zu
Ce®, um die Ladungsmissverhiltnisse zu kompensieren (siehe Gleichung (3)).[741
Dadurch entstehen weitere extrinsische Sauerstoffvakanzen, die die Mobilitdt von Sauer-
stoff im Gitter erhdhen.

2 Cece + 0g + M,05 —» 2 Mg + V' + 2 CeO, (3)

Des Weiteren werden bedingt durch das GroRBenverhiltnis zwischen dem M3*- und Ce**-
lon strukturelle Verspannungen im Gitter induziert, welche gemaR Gopal et al. bereits bei
undotierem CeO; einen Einfluss auf die Speicherfihigkeiten besitzen.[**?! Studien von
Farra et al.’23lund Wang et al.!%°! berichten allerdings, dass Gd-dotierte Cerdioxid-Partikel
trotz der erh6hten Konzentration an Sauerstoffvakanzen eine geringere katalytische Akti-
vitdt in der HCI- sowie CO-Oxidation zeigen. Méller et al.?* konnten bestitigen, dass der
Einfluss der Sauerstoffspeicherkapazitat bei der Dotierung von Cerdioxid mit trivalenten
lonen auf die Aktivitat im Deacon-Prozess gering ist.

Zwar erhéhen Gd3*- und Sm3*-Dotierungen die Leerstellenkonzentration und damit die
lonenmobilitdt von CeO, allerdings lassen sich die induzierten Leerstellen aufgrund der
fehlenden Redoxeigenschaft der trivalenten lonen nicht mit atmosphéarischem Sauerstoff
fullen wie es beim Ce**/Ce3*-Redoxpaar der Fall ist.[143! Eine Méglichkeit vermehrt kataly-
tisch funktionelle Sauerstoffleerstellen zu implementieren, ist daher die Dotierung mit
Elementen, die ahnliche Redoxeigenschaften wie Cer besitzen. Solche Elemente sind das
Lanthanoid Terbium und das im Periodensystem benachbarte Praseodym. Genau wie Cer
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kdnnen beide Materialien ihre Oxidationsstufe leicht von 3+ zu 4+ wechseln und besitzen
dabei dhnlich interessante Redoxeigenschaften, um den einfachen Ein- und Ausbau von
Sauerstoff zu gewédhrleisten.3*144 Aufgrund ihrer interessanten Redoxchemie bieten sich
Untersuchungen von Terbium- und Praseodym-dotiertem CeO: an, die die Sauerstoffspei-
cherkapazitat und die katalytische Aktivitat in der HCI-Oxidation verkniipfen. Mittels der
H2-TPR wurde bereits von Trovarelli et al.32 demonstriert, dass das Dotieren mit Tb und
Pr zu einer verbesserten Reduzierbarkeit bei niedrigen Temperaturen im Vergleich zum
undotierten CeO> fiihrt. Des Weiteren wurde von Farra et al.?3! berichtet, dass der pro-
zentuale Anteil der Dotierung einen Einfluss auf die Sauerstoffspeicherkapazitat besitzt,
wobei ein merklicher Anstieg bei ca. 10 at.-% zu verzeichnen ist.

Um den Einfluss von tri-/tetravalenten Fremdatomen wie Tb und Pr auf die Sauer-
stoffspeicherkapazitdt zu ermitteln und auf die katalytischen Eigenschaften in der HCI-
Oxidation anzuwenden, beschaftigt sich das Promotionsprojekt unter anderem mit der
Herstellung von entsprechend dotierten mesoporodsen CeO;-Strukturen (siehe Kapitel 3.1).
Dank ihrer hohen spezifischen Oberflaiche und der geordneten Porositat eignen sich die
Materialien ideal, um die Auswirkung der Dotierelemente auf die katalytische Stabilitat
unter korrosiven Bedingungen in der HCI-Oxidation mithilfe der Rasterelektronenmikro-
skopie und der Stickstoffphysisorption zu verfolgen. Als Vergleich wurde zudem noch ein
Vertreter der trivalenten und tetravalenten Dotierungselemente bericksichtigt, um die
Ergebnisse der mischvalenten lonen einzuordnen.

2.1.4 Cer-Zirkonium-Mischoxide

Neben der Dotierung mit Seltenerdmetallen besitzt die feste Lésung aus CeO2 und ZrO>
ein groRes Anwendungspotenzial in der Katalyse.[27:37:46,145-147] A|s passiver Bestandteil fiir
den Drei-Wege-Katalysator zeichnet es sich sowohl durch eine hohere OSC als auch eine
erhohte thermische Stabilitdt aus, welche bei Prozesstemperaturen von >1000 °C essen-
tiell ist.[148-152] Dje auftretenden Sinterprozesse sind im Vergleich zu reinem CeO; ernied-
rigt, so dass selbst bei hoher Expositionsdauer der erforderliche Kontakt mit der aktiven
Edelmetallkomponente gewahrleistet wird.

Die hohe Sauerstoffspeicherkapazitat der CeO,-ZrO, Materialien ergibt sich tber die un-
terschiedlichen lonenradien (r(Zr**) = 84 pm, r(Ce*") = 97 pm)!*>3], die mit steigendem Do-
tierungsgrad zu einer erhéhten Verspannung im Gitter fiihren.!>#15% Durch die Relaxation
des Gitters diese Verspannungen abzubauen ist es energetisch eher moglich, den Sauer-
stoff von einem Oberfldachenplatz zu entnehmen, wie kiirzlich von Otero et al. mithilfe der
Dichtefunktionaltheorie (DFT) berechnet wurde. Auf einer Zr-dotierten Ce02(111)-Ober-
flache wird die Bildung von Sauerstoffleerstellen von urspriinglichen 1,89 eV auf 1,16 eV
gesenkt.['>® Anders als bei trivalenten lonen wird folglich die Reduzierbarkeit des kataly-
tischen Materials erhoht, ohne dass sich Sauerstoffleerstellen basierend auf dem La-

- 15 -



CeOz-basierte Nanostrukturen als Modellkatalysatoren fiir die HCI-Oxidation

dungsausgleich der aliovanten Fremdionen bilden.” Wahrend im reinen CeO> der Reduk-
tionsgrad durch die VolumenvergroRerung der Einheitszelle limitiert ist - bedingt durch
die Reduktion von Ce*- (97 pm) zu gréReren Ce3*-lonen (114 pm) — erlaubt der Einbau
von Zr* (84 pm) in das CeO,-Gitter dieses Wachstum auszugleichen und folglich den Re-
duktionsgrad zu erhdhen.[*>] Madier et al. nutzten 80/°0 Isotopenaustauschmessungen,
um die hdohere Mobilitdt durch das verspannte Mischgitter von Ce0;-ZrO, nachzuwei-
sen.[147]

Durch ihre verbesserten physikochemischen Eigenschaften wurden die Ce0,-ZrO,-Oxide
in weiteren Bereichen der Katalyse als aktive Komponente in der Oxidation von fllichtigen
organischen Komponenten!?>71>%1 Dampfreformierung(t6%161l  Wassergas-Shift-Reak-
tionl162-1668] oder RuRoxidation!3%167.168] getestet - in allen Fillen mit engem Bezug zu der
Sauerstoffspeicherkapazitat. Atribak et al. ermittelten die héchste OSC und katalytische
Aktivitat in der RuRoxidation bei einem stochiometrischen Verhaltnis von Ceo.76Zr0.2402,
wobei hier die Materialien mit unterschiedlichen KristallitgroRen und BET-Oberflachen
hergestellt wurden.['%8 Trotz der héheren thermischen Stabilitit ist der Transfer dieser
Ergebnisse auf die HCI-Oxidation nicht trivial. Kanzler et al. beschaftigten sich mit CeO»-
ZrOz-Nanofasern, basierend auf einer Sol-Gel-Synthese in Kombination mit Elektrospin-
nen, um sie als Modellsysteme fiir die HCI-Oxidation zu verwenden und den Einfluss der
Zr-Einbindung auf die Stabilitat zu studieren.[?81 Wihrend sich bei reinen CeO»-Fasern und
héheren HCI/O2-Verhéltnissen (2.5:1) die spezifische Produktbildungsrate mit der Reakti-
onszeit immens verringerte, konnten bereits durch die Zugabe von 20 at.-% Zr katalytisch
stabile Ce0;-ZrO>-Nanofasern hergestellt werden. Des Weiteren konnten die Autoren de-
monstrieren, dass mindestens 20 at.-% Ce enthalten sein muss, um eine signifikant hohere
Aktivitat zu erhalten. Bei der Verwendung von Nanorods mit der aktivsten (110)-Kristall-
ebene wurde beobachtet, dass der stabilisierende Effekt unter gleichen katalytischen Be-
dingungen bereits bei 5 at.-% Zr auftrat.[®¥ Dies wurde mithilfe thermodynamischer Mo-
dellberechnungen gestiitzt. Um das geeignetste CeO;-ZrO>-Verhaltnis zu ermitteln, syn-
thetisierte Sun et al. eine Vielzahl an unterschiedlichen Zusammensetzungen mit gleich-
bleibender BET-Oberflache —jedoch unterschiedlichen Kalzinierungsprotokollen —um den
Einfluss der BET-Oberfliche auf die katalytische Aktivitat zu vernachlissigen.l®”! Hierbei
konnte ein direkter Zusammenhang zwischen der OSC und der katalytischen Ausbeute pro
Zeit in der CO-Oxidation und der HCI-Oxidation fiir CeO2-ZrO,-Systeme ermittelt werden.
Allerdings muss bei der vermehrten Inklusion von Zr und den aus Nanopartikeln zusam-
mengesetzten Agglomeraten beachtet werden, dass sich auch die Kristallstruktur von ku-
bisch zu Mischungen von tetragonal und monoklin veranderte. Die vorherrschende Kris-
tallstruktur bedingt u. a. die OSC sowie die katalytischen Eigenschaften, wobei eine kubi-
sche Struktur bevorzugt ist.’Y) Aus diesem Grund ist die optimale Zusammensetzung von
Ce05-Zr0; stets umstritten”), da nicht zuletzt auch morphologische Faktoren einen Ein-
fluss auf die vorliegende Kristallstruktur ausiiben. Die Anderung der Kristallsysteme
konnte eine mogliche Erklarung fur die unterschiedlichen bestimmten Ce0;,-ZrO,-Optima
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von Sun et al.®71 (Ceo.8Zr0.20,) und Fei et al.!”] (Ceo.sZro.s0,) darstellen. Jedoch zeigen beide
Publikationen, dass der Zr-Gehalt eine entscheidende Rolle fiir die katalytische Aktivitat
in der HCI-Oxidation einnimmt.

Moller et al. stellten Nanofasern aus CeOz-Nanopartikeldispersionen her, die dank inter-
partikuldrer Zwischenraume von wenigen Nanometern tber eine hohere BET-Oberflache
von ca. 120 m? g verfiigten.[!’%l Nach den Reaktion in der HCl-Oxidation sank die BET-
Oberflache auf die Werte von unpordsen Fasern!*’Y und mit ihr auch der katalytische Um-
satz. Die Studie gibt jedoch preis, dass die Verwendung von kontrolliert agglomerierten
Nanopartikeln eine praktikable Variante ist, um die BET-Oberflache und mit ihr die zu-
ganglichen aktiven Platze flr die katalytische Umsetzung zu erhéhen. Allerdings ist durch
den Transfer von ca. 5 nm Partikeln in Nanofasern mit Durchmessern von 100 nm immer
noch ein groRer Teil beschrankt zuganglich, da in den interpartikuldren Zwischenraumen
von < 5 nm die erschwerte Knudsen-Diffusion vorliegt. Des Weiteren schlagen die Autoren
vor, dass mit der chemischen Dotierung von Zr die mangelnde Stabilitat ausgeglichen wer-
den kann.

Mit der Herstellung von mesopordsen Strukturen mithilfe der PIB-b-PEO-Template und
entsprechenden Nanopartikeldispersionen der Ce0;-ZrO;-Reihe sollen so die Nachteile
der Nanofasern ausgeglichen und hohe spezifische Oberflachen mit gleichmaRig erhéhter
Oberflachenzugénglichkeit gewdhrt werden. Dabei werden die untemplatierten CeO;-
ZrOz-Nanopartikel mit definierter Stochiometrie zum Vergleich analog bzgl. der OSC und
den katalytischen Eigenschaften getestet (siehe Kapitel 3.2.).

Erst vor kurzem zeigten Sun et al.l'72], dass die Abscheidung von ultradiinnen (1-2 nm)
Ce0,-Schichten auf vorgefertigte ZrO,-Nanopartikel eine aktive jedoch vor allem kataly-
tisch stabile Komponente darstellt. Die verwendete nasschemische Methode erlaubt al-
lerdings keine prazise Abscheidung von diinnen Schichten in der Form von Kern-Schale-
Strukturen, um den Einfluss der CeO;-Schichtdicke auf die katalytische Stabilitdt zu testen.
Eine alternative Praparationsmethode liefert die im nachsten Kapitel vorgestellte Atom-
lagenabscheidung (ALD).
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2.2 Prdparation definierter Schichten in porédsen Substraten
2.2.1 Atomlagenabscheidung (ALD)

Mithilfe der Atomlagenabscheidung (engl. atomic layer deposition, kurz: ALD) lassen sich
Diinnschichten — meist Metalloxide — im Bereich von wenigen (Sub-)Monolagen herstel-
len.[173.174] Der zyklische Prozess der ALD basiert auf der selbstbegrenzenden Reaktion der
Reaktanden in der Gasphase mit einer Festkorperoberflache. Neben der Mdglichkeit de-
finierte Schichtdicken auf Substrate aufzudampfen, gewahrleistet die ALD auch eine kon-
forme Bedeckung von 3D-Strukturen.[?7>176] Momentan liegt das Hauptfeld der ALD in der
Herstellung von high-k-Dielektrika in der Mikroelektronik.[?””! Die diinne Beschichtung von
grofRen Oberflachen besitzt jedoch auch in den Anwendungsbereichen der Katalyse, Bat-
terien, Superkondensatoren, Filtersystemen und Brennstoffzellen ein hohes Poten-
zial.l178-180 |n diesen Gebieten werden hiufig nanopordse oder fibrése Materialien einge-
setzt, die mithilfe der ALD funktional beschichtet werden kénnen.[181-184]

Ahnlich zur chemischen Gasphasenabscheidung (engl. chemical vapor deposition, kurz:
CVD) basiert die Schichtbildung der ALD auf einer chemischen Reaktion von zwei oder
mehreren Ausgangsstoffen.[8>! Allerdings werden die Reaktanden bei der ALD nacheinan-
der in die Reaktionskammer gefilihrt. Zwischen den einzelnen Zufuhrschritten wird die
Kammer mit einem Inertgas wie z. B. Stickstoff oder Argon gespiilt, um die Teilreaktionen

TiCl gy Ce(thd),
. ) Johel B (e
Dg( A -
".i ° .‘Q. A ke 2 b,
v e . oo
J 4
- —
Reinigungsschritt Reinigungsschritt
mit Ar/N,, mit Ar/N,

H,0 o]
T 1 ALD Zyklus (1c) R
. A i vov
Reinigungsschritt Reinigungsschritt
mit Ar/N, mit Ar/N,

Abbildung 5: Abscheidungsprozess von Metalloxiden via ALD am Beispiel von Titan(IV)-chlorid (TiCla) mit
H»0 sowie Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato)-Cer(1V) Ce(thd)s und Ozon (Os) (rechts). Der
Prozess teilt sich jeweils in 4 zeitlich voneinander getrennte Reaktionschritte, bei denen die Reaktanden
separat an die Oberflache chemisorbieren und durch das Oxidationsmittel (H20 / Os) die erforderlichen
OH-Gruppen regenerieren.
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voneinander zu trennen. Dadurch kann die Reaktion auf die Oberflache begrenzt werden.
Durch die geeignete Wahl von meist leicht fllichtigen Prakursoren, welche gasformig in
den Reaktor geleitet werden und nicht mit sich selbst reagieren konnen, wird eine Teilre-
aktion bei beliebiger Gasmenge und Expositionsdauer auf maximal eine Monolage be-
grenzt.['771 Es lassen sich folglich definiert diinne Schichten im Bereich weniger Nanometer
und konformer Bedeckung des Substrates abscheiden.[186:187]

Im Vergleich zu anderen Beschichtungsmethoden wie beispielsweise der chemischen und
physikalischen Gasabscheidung!'8818% hesitzt die ALD zahlreiche Vorteile. Die ALD erlaubt
es Schichtdicken im Angstrombereich kontrolliert zu wachsen. Damit eignet sich das Ver-
fahren speziell zur Herstellung von Ultradiinnfilmen, die durch Schichtdicken unter 10 nm
charakterisiert sind. Einen weiteren Vorteil bildet der industrielle Einsatz dieser Methode,
da wahrend eines Abscheidungsvorganges gleich mehrere Substrate simultan beschichtet
werden kdnnen. Mittlerweile existieren Reaktoren, die mithilfe raumlich getrennter Zu-
fuhr der Reaktanden durchgehend beschichten und die entsprechenden Diinnfilme pro-
duzieren.[179,1%0]

Die Abfolge von zwei Reaktions- und Reinigungsschritten wird als Zyklus bezeichnet (siehe
Abbildung 5).11 Dieser wird im Rahmen des Abscheidungsprozesses mehrfach wieder-
holt. Da pro Zyklus das Schichtwachstum theoretisch auf eine Monolage begrenzt ist, kann
mittels der Zyklenanzahl die Schichtdicke definiert kontrolliert werden. In der Praxis kann
jedoch nicht immer eine geschlossene Schicht erreicht werden. Ein wesentlicher Grund
fiir dieses Phdnomen ist die sterische Hinderung der adsorbierten Reaktanden, die Ober-
flichenstellen abschirmen und somit weitere Adsorptionen verhindern.[18%192133] per Ab-
lauf von unvollstandigen Teilreaktionen ist eine weitere Ursache, da diese die Reaktions-
stellen an der Oberfliche reduzieren.[*®® Daher wird in der Literatur neben den Instru-
mentparametern und den eingesetzten Reaktanden die Abscheiderate oder englisch

Idealer
Wachstumsbereich

Wachstumsrate / (nm/Zyklus)

b TI0, —

Substrattemperatur
Abbildung 6: Qualitative Darstellung des idealen Wachstumsbereichs fiir die Abscheidung (ALD window)
von CeO:2 und TiO2-Schichten. Der Bereich kann mittels der eigensetzten Parameter und Prdkursoren
variieren und durch die Bestimmung der Wachstumrate ermittelt werden.
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growth per cycle angegeben. Das aufzuwachsende Materialsystem und die gewahlten in-
strumentellen Parameter sind hierbei entscheidende GrofRRen fur die Aufwachsrate (siehe
Abbildung 6).[19%194]

2.2.2 ALD an porosen Substraten

Die Schwierigkeit bei der Beschichtung von pordsen Substraten liegt in der Wahl der Re-
aktionsparameter. In den meisten Fallen werden glatte Substrate bedampft, so dass ge-
ringe Pulsraten ausreichen, um die Substratoberflache mit dem Reaktandengas zu benet-
zen. Bei morphologisch anspruchsvollen Substraten wie beispielsweise einer durchgangi-
gen Porenstruktur muss gewahrleistet werden, dass die Reaktanden die gesamte Poren-
oberfliche erreichen und sich dort homogen als Metalloxide abscheiden kénnen.[77! |n
der Literatur wurde bereits dartiber berichtet, dass hohere Verweildauern der Reaktan-
den im Reaktor zu einer besseren Bedeckung der Poren fiihren.[183.1951%I pyrch die héhe-
ren Kontaktzeiten kann der gasformige Reaktand tiefer in das Porensystem eindringen
und an die gesamte Substrat- bzw. Porenoberflache adsorbieren (siehe Abbildung 7). An-
schliefende Physisorptionsuntersuchungen bewiesen, dass sich mit zunehmender ALD-
Zyklenanzahl der Porendurchmesser verringert.['®”] Mittlerweile existieren viele Fallstu-
dien zur Beschichtung von anodisierten Alumiumoxidmembranen (AAQ)P%1%l  SjQ,-
Gelel199:2001 Kohlenstoffnanoréhren(?°t oder Zeoliten(?°?, um den Einfluss der aufgewach-
senen Komponente auf die physikochemischen Eigenschaften zu untersuchen. Im Sinne
der Katalyse werden Pulvermaterialien gegeniiber Diinnfilmen bevorzugt. Jedoch erweist
sich die Abscheidung in pordsen Pulvern mit nanometerweiten aber mikrometerlangen
Poren und der daraus resultierenden hohen spezifischen Oberflache als herausfor-
dernd.l?%3] Die Beschichtung dieser groRen Flichen wird folglich nicht nur von der Diffu-
sion, sondern auch vom Angebot der Reaktanden kontrolliert.[**®! Die meisten conforma-
lity-Studien wurden an pordsen Systemen mit PorengrofRen > 30 nm unter zur Hilfenahme
bildgebender Methoden durchgefiihrt.l'”7] Fiir Materialien mit Porengréfen < 30 nm sind
nur wenige Fallstudien bekannt. Viele davon beziehen sich aufgrund der geringen absolu-
ten Oberfliche und der klar definierten Geometrie auf porése Diinnfilme.[177:204]
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(ALD) (CVD) (PLD)

Abbildung 7: Abscheidungsprofil auf komplexen Substraten via ALD, CVD und PLD.
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Cameron et al. berichteten die erfolgreiche Abscheidung von Al;Os3, TiO; und SiOz in Al;O3
Membranen mit Porendurchmessern von ca. 5 nm, welche mithilfe von in situ N»-Leit-
wertmessungen Uberpriift wurde.[?%] Des Weiteren befassten sich Detavernier et al.l!7°]
mit der Beschichtung von mesoporésen SiO,-Dinnfilmen, die eine PorengréfRe von 4 nm
besitzen. Die Mesoporen sind hierbei durch kleine Zwischenkanéle miteinander verbun-
den. Mit der ALD sollte anschliefend TiO; in die Poren abgeschieden und mit einem ana-
log beschichteten oxidierten Siliziumsubstrat als Referenz verglichen werden. Der Vor-
gang wurde mit einer in situ Rontgenfluoreszenzanalyse (XRF) untersucht. Die Autoren
zeigten zum einen, dass die Aufwachsrate von TiO; auf die mesopordsen Substrate 2,5-
mal grofRRer ist als das Wachstum auf den SiO-Wafern. Zum anderen konnten Detavernier
et al. anhand der unterschiedlichen Steigungen der XRF-Messungen verschiedene Stadien
der TiO,-Beschichtung beschreiben. So werden zunachst die 4 nm Poren an der Oberfla-
che beschichtet, um mit steigender ALD-Zyklenanzahl komplett gefiillt zu werden. Mit je-
dem weiteren Zyklus erfolgt die Abscheidung einer reinen TiO,-Schicht auf der Oberflache
des zuvor mesopordsen SiOz-Films. Dies konnte anschlieBend mit in situ Experimenten
der Kleinwinkelrdntgenstreuung mit streifendem Einfall (GI-SAXS)%! und ellipsometri-
scher Porosimetrie (EP)2%! verifiziert werden, welche die Porositit der Materialien wih-
rend des Beschichtungsprozesses untersuchen. Die Autoren konnten so ermitteln, dass
die geringe Grofle der Porenkandle von <5 nm zwischen zwei Mesoporenschichten das
Schichtwachstum bei gleichbleibenden Prakursoren limitiert. Nach einer bestimmten Ab-
scheidungsdicke verkleinern die Porengéange so weit, dass der molekulare Prakursor nicht
mehr zu den nidchsten Porenschichten gelangen kann.[7?!

Allerdings verwendeten die Autoren keine Substrate mit einem geordneten Porensystem,
sondern zylindrische Poren, welche mit kleinen Kanadlen undefinierter GréBe verbunden
sind. Das System ist folglich nicht ideal, um die Abscheidung von diinnen Schichten auf
porosen Metalloxidsubstraten mit der ALD und all ihren Einstellungsparametern (Pulszeit,
Substrattemperatur, Verweildauer im Reaktor, etc...) systematisch zu studieren. Hierzu
ware ein Modellsystem notwendig, welches sowohl Gber eine definierte Porengréfie und
—form verfiigt als auch Uber gleich grof’e Zwischenkandle verbunden ist. Unter der Ver-
wendung der PIB-b-PEO-Template lassen sich entsprechende kubisch angeordnete Uber-
gangsmetalloxide mit PorengroBen um etwa 14 nm herstellen, welche dhnlich einer In-
vers-Opal-Struktur untereinander verkniipft sind.[1921%8] Dadurch bilden diese Diinn-
schichten ideale Modellsysteme, um die Abscheidung von Metalloxiden mittels ALD in po-
rose Substrate systematisch zu studieren. In einem ersten Schritt miissen jedoch sowohl
die Synthese von geordneten mesopordsen Substraten als auch die instrumentellen Para-
meter fir die ALD-Beschichtung optimiert werden, bevor die CeO;-Abscheidung auf me-
soporosen ZrO; bzw. TiO, behandelt und die Schichtdickenabhangigkeit auf die OSC ana-
lysiert werden kann.
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Aus Vorarbeiten konnte bereits die Prdparation von mesopordsen CeQ,-ZrO;-Schichten
optimiert werden'%, wobei hier die Diinnfilme vom Ceg5Zro;s0> die am meisten geord-
nete Mesoporenstruktur zeigten und am besten als Modellsystem fiir die ALD-Beschich-
tung geeignet sind. Da fiir die Uberpriifung mittels REM, Laserellipsometrie, Flugzeit-Se-
kundéarionen-Massenspektrometrie (ToF-SIMS) und Reflektometrie ein Kontrastelement
forderlich ist, wurde anstelle von CeO; zunéachst TiO, aufgewachsen. Des Weiteren ist die
Beschichtung mit TiO2 aufgrund des giinstig verfligbaren Prakursors (TiCls) und des hohen
Anwendungspotenzials u.a. als Farbstoffsolarzelle einer der meistuntersuchten ALD-Kan-
didaten in der Literatur.[18619519%207] | jterarische Vergleiche mit den hier experimentell
bestimmten Daten kdnnen folglich umfassend durchgefiihrt werden. Die Resultate sind in
Kapitel 3.3 dargestellt.

Basierend auf den Resultaten von Granozzi et al., die die Abhingigkeit des Ce3*/Ce**-Ver-
haltnisses von der Cerdioxid-Schichtdicke auf TiO,-Substrate beobachteten(*% und Sun et
al., die mit ultradiinnen (1-2 nm) Ce0O,-Schichten auf vorgefertigten ZrO,-Partikeln einen
zukunftsweisenden aktiven und stabilen Katalysatoren fiir die HCI-Oxidation nachwie-
sen™, wurde die Priparation von mesoporésen Diinnschichten aus ZrO; und TiO> opti-
miert. Hierzu wurden die mechanischen Eigenschaften der Filme, welche mithilfe von mo-
lekularen Prakursoren sowie Nanopartikeldispersionen hergestellt wurden, wahrend ih-
res Kalzinierungsprotokolls untersucht, um den Einfluss der Prakursoren und des verwen-
deten PIB-b-PEO-Templates auf die Formation der Mesoporenstruktur zu bestimmen. Die
Studie in Kapitel 3.4. sollte zudem aufklaren, bei welcher Temperatur die Porenordnung
durch das Kristallitwachstum zerstort wird und welche Auswirkungen es auf die mechani-
schen Verspannungen im System hat.

Mit den bereits eingestellten instrumentellen Parametern der ALD fiir die Beschichtung
von porosen Substraten aus Kapitel 3.3 und den optimierten sol-gel-basierten ZrO,-Diinn-
filmen aus Kapitel 3.4 sollte nun die Beschichtung von CeO; auf pordsen ZrO;-Schichten
untersucht werden. Zusatzlich zu den bereits genannten Charakterisierungsoptionen soll
mittels der Réntgenphotoelektronenspektroskopie (XPS) der Ce3*-Gehalt mit steigender
Schichtdicke berechnet werden. Da die Diinnfilme aufgrund ihrer geringen absoluten
Oberflache nicht in der Flusskatalyse oder in der OSC-Apparatur gemessen werden kon-
nen, wurde mittels Impedanzspektroskopie!l32%! die Leitfihigkeit in Abhingigkeit der
Schichtdicke bestimmt (siehe Kapitel 3.5). Die gemessenen Werte sollen Aufschluss iber
die ionische Mobilitat geben, die in enger Verbindung mit der Sauerstoffspeicherkapazitat
steht.
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ABSTRACT

CeOs2 is a promising material in the catalytic retrieval of Cl> from HCI by oxidation with
02 due to its beneficial redox properties (Ce>*/Ce*") and accompanied oxygen storage ca-
pacity (OSC). Two options to tailor the OSC is the usage of dopants and nanostructuring.
In this work, we report the synthesis of mesoporous doped Ceo.oMo.102 (M = Zr, Gd, Pr and
Tb) powders with identical mesopore size, shape and surface area (<90 m? g'!), in order to
investigate the impact of alio- (Gd), iso- (Zr), alio-/isovalent (Pr, Tb) dopants on the OSC
as well as on the catalytic activity/stability. The cubic arrangement of spherical 12 nm mes-
opores surrounded by a crystalline framework is obtained using a diblock copolymer as
structure directing agent in the sol-gel based preparation approach, indicated by small X-
ray scattering (SAXS) and scanning electron microscopy (SEM). Pr-doped CeO; revealed
the highest oxygen storage capacity, but the lowest catalytic activity/stability in the HCI
oxidation together with the Tb- and Gd-doped samples. By contrast, the Zr-doped mesopo-
rous CeO2 powders showed the highest catalytic performance and stability in the CO and
HCl oxidation of all samples, but a lower OSC. These findings suggest that the OSC should
therefore be treated with caution when relating the OSC to the catalytic performance in
oxidation reactions. The differences in the stability are in agreement with recent studies of
the HCI oxidation on model cerium oxide films with defined stoichiometry: the low stabil-
ity of the aliovalent doped CeO, materials in the HCI oxidation reaction can be attributed

to a large number of oxygen vacancies.
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Introduction

CeO2 is a promising catalyst material for diverse oxidation reactions, especially the cat-
alytic gas-phase conversion of HCI into Clz, which is fundamental for the industrial-scale
syntheses of e.g. PTFE, PVC or polyurethanes."> The catalytic oxidation process profits
from the unique redox (Ce** / Ce*") behavior of CeO, being also utilized in oxygen sensors,
fuel cells, biotechnology as well as catalytic and electrochromic thin film applications.’~
Furthermore, CeO; is an important component of the catalysts used for the elimination of
toxic exhaust gases from automobiles. Its redox properties can be tailored, for instance, by
nanostructuring®’ and doping with rare earth metal ions (gadolinium, praseodymium or
terbium)®'°, which affect the defect formation energy, the oxygen storage capacity (OSC)
and also the transport of oxygen species. The oxygen vacancy-based defect chemistry was
intensely studied in relation to the electrochemical properties, especially for nanomateri-
als.” A main feature of surface-dominated materials is the difference in the bulk and surface
defect formation energies, which results in a high concentration of defects in the surface-
near regions. Furthermore, the oxygen vacancy sites are related to the non-stoichiometry ¢
of CeOx-5 and thereby alter its redox and transport properties,'!*!? and thus also the OSC.
The exchanged amount of oxygen is quantified as dynamic OSC, when predominantly the
surface oxygen vacancies are targeted, and total or complete OSC (OSCc), if surface as
well as bulk oxygen vacancies are involved.

It is generally assumed that high values of the dynamic and total oxygen storage capacity
promote a high catalytic activity of CeO; in oxidation reactions.!*"!* This relationship was
especially described for Ce-Zr-oxides used in automotive catalysts in which the doping
with Zr not only enhances the OSC and the thermal stability, but also the desired conversion
rate in oxidation reactions.'>!¢"!® Next to isovalent ions, also the doping with aliovalent

ions (Gd**, Eu®*, La*>",...) has been studied in regard to its effect on the ionic conductivity
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and catalytic performance. For instance, Hernandez ef al. revealed a higher performance of
10%-M?>*-doped ceria compared to pure ceria in the CO oxidation.!® Trivalent ions enhance
the ionic conductivity favoring the use of doped ceria as solid oxide fuel cell electrolytes
(SOFC).? The latter is explained by the incorporation of additional oxygen vacancies com-
pensating the local charge imbalance. In Kroger-Vink notation (see Equation (1)), the tri-
valent dopant M substitutes Ce*" in the CeO; lattice which leads to the formation of one
oxygen vacancy possessing a charge of +2 (depicted as two dots).
2 Cete + 05 + M,03 = 2 M, + V3 + 2 CeO, (1)

These extrinsic oxygen vacancies, often referred to as charge-compensating vacancies,
facilitate the diffusion of oxygen ions through the vacancies themselves, thus lowering the
activation enthalpy for oxygen migration®' and thereby increasing the ionic conductivity.
In case of incorporating isovalent ions such as Zr*', no extrinsic oxygen vacancies based
on charge imbalance are formed. Due to the smaller ionic radius compared to Ce*’,
Zr* counterbalances the increase in unit cell volume when reducing Ce*" to Ce**, lowering
the oxygen vacancy formation energy,”? and therefore allows for a higher degree of reduc-
tion than for undoped CeO,. The combination of the oxygen vacancy formation and the
migration dictates the ionic and electronic properties and hence, both types of dopants in-
fluence the OSC. Several oxidation reactions such as CO oxidation, water gas shift reaction,
methanol oxidation or the soot combustion profit from a high OSC of the corresponding

2324 as the reaction mechanism involves the formation and refilling of

CeO2 nanostructure
an oxygen vacancy in the ceria lattice.

However, the relationship between the OSC and the HCI oxidation is still a matter of
debate. Sun et al. showed an increase in the space-time-yield in the HCI oxidation reaction

using Ce0,-ZrO> nanoparticles compared to CeO particles, corresponding well to the OSC

values.!® Yet, Gd-doped CeOx nanofibers revealed the opposite trend®® for the correlation
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of HCI oxidation and OSC. Farra ef al. studied the influence of different isovalent and
aliovalent ions in the HC1 oxidation combining experimental and computational methods.?®
These investigations showed an increase in the catalytic activity of Zr*" and Hf*"-doped
CeO3, while the trivalent dopants were found to be detrimental for the catalytic properties
in the HCI oxidation. Their study raises the question, which effect redox-active dopants
such as Pr’"*" and Tb>"*" exert on the OSC and HCI oxidation. Similar to cerium, both
elements can change their oxidation state and can therefore enhance the ionic conductivity
like trivalent and the reducibility as isovalent ions, respectively. In this study, the catalytic
stability was mainly correlated to the decrease in the BET surface area.?* In our previous
work?’, electrospun CeO2 nanofibers, synthesized from nanoparticle dispersions, were uti-
lized as model catalyst to observe the morphological changes after used in the HCI oxida-
tion.”” However, a high-surface-area CeO»-based material should also possess a defined

particle morphology and size in the study of stability issues in the HCI oxidation reaction.
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Scheme 1: Schematic overview of the introduced dopants and their effect on the formation
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In consequence, powders of defined nanoparticles of different composition might be re-
garded as suitable nanoscopic materials to study stability issues. However, agglomerates of
isolated nanoparticles feature a random mutual arrangement, which consequently involves
a very broad, and uncontrollable size distribution of micro- and mesopores, possibly con-
taining small necks with hindered access. Hence, for such nanoparticulate materials the
catalytic reaction might also be determined by diffusion-limitation, i.e. hindered access to
the active sites. Another step further is the use of mesoporous CeO> catalysts possessing an
ordered array of mesopores exhibiting unhindered diffusion of the gaseous reactants into
the interior. In this spirit, in the present study, we synthesize CeO; materials featuring an
ordered array of mesopores of uniform size for all the different compositions. Such mate-
rials provide identical accessibility for the gases throughout the sample, and facilitate to
follow the deformation of the pore structure depending on the chosen conditions of the HCI
oxidation.

The mesoporous CeO; materials were prepared using the diblock copolymer poly(isobu-
tylene)-block-poly(ethylene) oxide referred to as PIBso-b-PEQ4s leading to a 3D network
of spherical mesopores with a diameter of approx. 12 nm mesopores being connected by
smaller channels.?®3! While this sol-gel-based approach is mostly used for the fabrication
of thin films, we adapted it to produce mesoporous powders of crystalline CeO, materials,
also containing aliovalent and isovalent ions. Using rare earth metal chlorides as additives,
Ce*" ions are substituted by aliovalent (Gd), isovalent (Zr) and redox-active ions (Pr and
Tb) (see Scheme 1) in order to reveal the influence of the dopants on the OSC and the
catalytic properties in the HCI oxidation. Here, a concentration of 10 at.-% (10% M4
was used for each substituting ion in the starting reaction mixture, as such content showed

in previous studies already a significant impact on the catalytic properties and avoids the
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occurrence of phase-separation and formation of the pure oxides of the dopants. The mate-
rials were subjected to a thorough characterization involving physisorption, electron mi-
croscopy, small-angle x-ray scattering, Raman spectroscopy, X-ray photoelectron spectros-
copy and elemental analysis, before and after performing the catalytic reactions. Thereby,

this study presents a conceptual methodology to assess catalytic stability in harsh reactions.

Experimental Section
Preparation of doped mesoporous CeQO:

Ordered mesoporous powders of doped (10 at.-% Zr, Gd, Pr, Tb) CeO, were prepared
via an evaporation-induced self-assembly process (EISA) based on a combination of an

approach by Weller et al.*

and a previous published synthesis method of thin mesoporous
CeO thin films.*° In this synthesis approach for 10 %-Zr CeO>, 1.677 g [4.5 mmol] CeCls
-7 H20 (98%, Sigma-Aldrich) and 0.089 g [0.5 mmol] ZrOCl; - 8 H>O (99.9%, Alfa Aesar)
were added to 3.3 mL ethanol (99.8 %, Merck) and 3.3 mL 2-methoxy-ethanol (99%, Alfa
Aesar). Another vessel was filled with 200 mg PIBso-b-PEO4s (BASF, Ludwigshafen, Ger-
many) dissolved in 3.3 mL ethanol and 1.7 ml acetic acid (> 99.85 %, Sigma-Aldrich).
Both mixtures were treated in an ultrasonic bath for 30 min at 40 °C and 80 kHz. The so-
lutions were cooled down to room temperature and mixed together. 100 uL dest. H2O was

added to the mixture which was then transferred to six 5 mL PTFE cups and covered with

a glass dome on a heating stir plate. The solutions were heated up to 40 °C and kept at this

el e
> I§igin »(\'.uf
E(OH + AcOH e calcination
at 550 °C
40 °C, 2 days
Figure 1: Schematic overview of the preparation of mesoporous doped ceria powders.

-31-



CeOz-basierte Nanostrukturen als Modellkatalysatoren fiir die HCI-Oxidation

temperature under the glass dome for 2 days. The obtained powder was then dried in a
vacuum oven at 50 °C overnight and afterwards annealed at 300 °C for 12 hours with a
heating ramp of 0.75 K min™'. In a last step, the powder was calcined at 550 °C for 10 min
using a heating ramp of 10 K min™! which led to the crystallization into the desired cubic
crystal phase.

The same procedure was used for 10%-Gd, Pr and Tb doped mesoporous ceria by ex-
changing the zirconium precursor by the corresponding MClz - 6 H2O (M = Gd, Pr, Tb)

(>99%, Sigma Aldrich) (see Figure 1).

Characterization methods

Scanning electron microscopy (SEM) images were recorded using the model Merlin by
Zeiss with an acceleration voltage of 2 keV and a current of 78 pA. In order to increase the
conductivity of the samples, the films were sputtered with platinum for 10 s with an applied
current of 40 mA. Energy dispersive X-ray spectroscopy (EDS) analyses were recorded by
a XMAX 50 detector from Oxford Instruments using a working distance of 5 mm and a
current of 2 nA and an acceleration voltage of 10 keV. The crystalline phases quantification
was determined by Rietveld analysis of X-ray powder diffractometry (XRD) acquired from
a PANalytical Empyrean powder diffractometer using Cu-Ka radiation (A = 1.541 A). The
crystallite sizes were calculated applying the Scherrer equation on the wide angle reflec-
tions. In addition, Raman spectroscopy measurements were recorded on Senterra by Bruker
using a 532 nm laser. The obtained data was analyzed using the predicated software OPUS.
Microwave plasma-atomic emission spectroscopy (MP-AES) measurements were recorded
on a 4210 MP-AES system by Agilent Technologies. Calibration solutions based on the
metal chlorides were used to calculate the dopant concentration. The acid digestion of the

samples was performed using aqua regia. Nitrogen physisorption experiments were carried
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out using a Quadrasorb by Quantachrome Instruments at T = 77 K. Before each measure-
ment, the samples were degassed at 120 °C for 30 h. By using the BET method, the surface
area was calculated, while the pore size distributions were determined using a NLDFT ap-
proach using the adsorption branch of the isotherm assuming a spherical/cylindrical pore
kernel for silica/nitrogen (77.4 K). X-ray photoelectron spectroscopy (XPS) measurements
were recorded on a PHI 5000 VersaProbe II (Physical Electronics GmbH) using Al Ka line
(1486.6 eV) as the X-ray source with a pressure of 10 Pa in the analysis chamber. The
spectra of for all doped mesoporous CeO> materials were calibrated to a binding energy of
284.8 eV for the C 1s signal deriving from adventitious hydrocarbon. CasaXPS V2.3.17
was used to evaluate the obtained spectra. For the interpretation of the Ce3d spectra, three
linear backgrounds were applied. Infrared (IR) were recorded on IR spectrometer Alpha II
by Bruker Optik with an exchangeable DRIFT (diffuse reflectance infrared fourier trans-
formation) module. The samples were investigated using 100 scans and a resolution of

4 cm™,

Catalytic studies

The determination of the oxygen storage capacity (OSC) was performed using a custom-
made fixed-bed flow reactor already described in a previous article.?> 30 mg of the doped
ceria samples were placed in a stainless steel tube supported by quartz wool pads and trans-
ferred to a tube furnace. All of the OSC measurements were performed at 430 °C controlled
by a thermocouple directly attached to the steel reactor. Using alternating pulses of 10 vol.-
% carbon monoxide (CO) and oxygen (O2) pulses with argon (Ar) as the carrier gas oper-
ated by a VICI multiposition valve stream selector with a total flow rate of 20 sccm, the

ceria catalysts were reduced and oxidized, respectively. The flow rates were supervised by
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MKS 1179B mass flow controllers, while the stream selector allows the time-resolved puls-
ing of the reducing and oxidizing agent. After passing the OSC reactor, the gas passes a
stainless steel filter (2 um pore size) and reaches the microvolume thermal conductivity
detector VICI TCD2 operated with a filament temperature of 150 °C and a pure argon
stream at 100 °C as the baseline. The custom-made setup allows to distinguish between the
complete (OSCc) and the dynamic oxygen storage capacity (OSC). While the former is
achieved by reducing the sample with consecutive 10s CO pulses and then oxidize the cat-
alyst with 2s Oz pulses, the dynamic OSC is studied by alternating CO (4s) and O2 pulses
(2s). The peak areas of the detected TCD signals for the oxygen pulses are used for calcu-
lating the amount of oxygen stored from the material at 430 °C and are normalized on ox-
ygen reference pulses of the same pulse duration. As the mass of the weighed out catalyst
is known, the values for OSC and OSCc are expressed as micromole oxygen per gram
(nmol(O)/g).

The Deacon reaction measurements were conducted in a home-made fixed-bed flow re-
actor. The following gases were used in the reaction measurements: HCI 4.5, Oz, 5.0 and
Ar 5.0 from AirLiquide, the flow rate of gases was controlled by digital mass flow control-
lers (MKS Instruments 1179B). Prior to feeding the gas mixture into the reactor, Ar was
dried using a water absorption cartridge (ALPHAGAZ™ purifier H,O-free, AirLiquide).
The Deacon reaction activity experiments were carried out under so-called “mild” condi-
tion where the argon-balanced reaction feeds contain 20 vol. % Oz and 10 vol. % HCI. In
constrast to the “mild conditions”, the Deacon reaction stability experiments were carried
out under “harsh” conditions where the argon-balanced reaction feeds contain 10 vol. % O>
and 25 vol. % HCI. In both cases, the total volumetric flow rate was set to 15 cm® STP min
! (sccm). Similar to the OSC measurements, 30 mg of catalyst was supported between two

quartz wool wads in the reactor tube. Under the flowing reactant feed, the reactor was
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heated to a reaction temperature of 430 °C with a linear rate of 10 K min’!, held for 4 h
(activity) and 24 h (stability) and then cooled down to the room temperature in pure argon
atmosphere. Using a fiber-optic UV-Vis spectrometer (Ocean Optics USB4000 with a DH-
2000-BAL light source) with a Z-shaped flow cell (Teflon®, 50 mm optical path length,
FIAlab), the produced chlorine was monitored. The absorbance at a wavelength of Amax =
329 nm (absorption maximum of chlorine) is proportional to the chlorine space time yield
(STY) that was calibrated by standard iodometry.

The oxidation of CO experiments was carried out in another home-built fixed-bed flow
reactor, which was described already in a previous publication.!® The design includes a gas
supply, the quartz tube reactor heated by a furnace, and analytics for the CO2 quantification.
A gas mixture of 1 vol.-% CO, 20 vol.-% O and 79 vol.-% N2 (CO Praxair, quality 4.7, O2
Praxair, quality 5.0 and N>, Linde) passes the reactor tube with flow rate of 36 cm® STP
min™! (sccm) controlled by digital mass flow controllers (SevenStar D07-19B). For the cat-
alytic tests, 15 mg of catalyst was supported between two quartz wool wads. The furnace
was heated to 430 °C (reaction temperature) with a rate of 20 K min™! and kept till no
changes in the conversion rate was observed. The gas composition was monitored online
using the X-Stream-COz analyzer (Rosement). The STY of CO; was calculated on the basis

of the CO: concentration in the outlet gas stream.

Results & Discussion
Synthesis and Characterization of the Catalysts

The mesoporous doped CeO» powders studied in this work were synthesized using solu-
tions of the corresponding metal salts and the structure directing agent PIBso-b-PEQO4s ap-
plying the so-called EISA-process.>* The inorganic precursor and organic diblock copoly-

mer are merged together in a mixture of ethanol and 2-methoxy-ethanol adding a small
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amount of acetic acid lowering the pH value for tailoring the hydrolyzing rate as well as
the solubility of the used template. Due to the glass dome, the evaporation of the solvents
occurs in a saturated solvent vapor atmosphere. By annealing the obtained powders to
300 °C with a low heating ramp of 0.75 K min™!, the template PIBso-5-PEOu4s decomposes
completely as previously demonstrated by thermogravimetric analysis (TGA).*! In the final
heating step at 550 °C, the amorphous oxide was transferred into the desired crystalline
phase, while simultaneously the mesoporosity is generated by template removal. The usage
of this particular template in combination with the controlled evaporation and annealing
steps enables the formation of an ordered 3D array of spherical mesoporous interconnected
similarly to inverse-opal structures.

For all the synthesized compounds (CeO2, 10 at.-% Zr, 10 at.-% Gd, 10 at.-% Pr, 10 at.-
% Tb), mesopores of well-defined spherical shape and short-range order are observed in
SEM analyses (Figure 2), with pore diameters of 11-12 nm. The slightly smaller apparent
mesopore size compared to physisorption analysis and previous studies on mesoporous thin
films is ascribed to the determination method using the SEM recordings.?-3!4-36 Compared

to thin films, the powders possess a higher roughness, which makes the mesopores appear

Ce0,5 10% Zr 10% Gd 10% Pr 10% Tb

Figure 2: SEM images of the doped mesoporous powders. All of the samples show spher-

ical pores with sizes around 11-12 nm.
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11 Mesoporous CeO, tOp view side view
CeC PIB,,-b-PEO,,, 550 °C

cubic arrangement
A 10% Pr
r\ 10% Zr

\

10% Gd

Intensity

s/nm’
Figure 3: SAXS recordings of the doped mesoporous powders indicating a cubic arrange-
ment of mesopores with a pore-to-pore distance between 22-24 nm (left). In addition, a
scheme explaining the correlation between pore size, pore-to-pore distance and pore wall

thickness is shown (right).

slightly smaller than the actual pore size. In addition, the pores slightly decrease in size due
to the sputter process with platinum. In order to study the atomic ratio of the dopants and
Ce, EDX investigations were performed yielding 11 at.-% Zr, 9 at.-% Gd, 12 at.-% Pr as
well as 11 at.-% Tb for the corresponding samples.

The mesoporous powder samples were also analyzed using small-angle X-ray scattering
(SAXS) (see Figure 3) revealing a broad maximum for all samples. While a direct structure
validation is, of course, not possible based on one single SAXS Bragg reflection, this type
of SAXS pattern is typical of mesoporous powders being templated by PIB-b6-PEO-based
block copolymers. Based on various previous studies on such mesoporous metal oxides,
we interpret the signal as the strong (111) reflection of a cubic arrangement of spherical

mesopores. Assuming a cubic arrangement and interpreting the maxima as the (111) Bragg
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Figure 4: Nitrogen physisorption isotherms (left), the pore size distributions (top right) and
cumulative pore volumes (bottom right) of the as-prepared mesoporous doped CeO- cata-
lysts.

reflection, the pore-to-pore distance was obtained. Considering the pore diameters being
11-12 nm (SEM) and the pore-to-pore distance determined from SAXS (22-24 nm) yields
a wall thicknesses of 10-13 nm (see Figure 3).

The physisorption isotherms are similar for all samples (Figure 4 left), revealing a mes-
opore volume of ca. 0.1 mL/g, a BET surface area of ca. 90 m?/g for all materials and an
average pore size of approx. 15 nm assuming a spherical pore geometry. The isotherms and
the porosity parameters are in agreement with a 3D arrangement of connected spherical
mesopores, as typically observed for such kind of block copolymers of the PIB-6-PEO-
type in previous studies and as supported by the SEM analysis. The isotherms and the pore
size distributions do not possess a defined shape as reported for other metal oxide materials
in previous studies, which we attribute to two factors. First, in contrast to other studies®’
the mesopore space does not consist of larger spherical mesopores being connected through
small meso- or micropores, but the spherical mesopores are better described as a 3D-con-

nected array similar to inverse opals (see Figure 3). This view is supported by the pore size
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Figure 5: X-ray diffraction patterns of the mesoporous doped CeO> materials proving the
existing of the cubic structure of CeO> (A) but feature a slight 20 shift (B). By using NaCl
as a reference material, the actual lattice parameters of the (220) were calculated (C). All
of the ionic radii were taken from Shannon et al.* assuming that all of the ions are sur-
rounded by of 8 oxygen ions in the CeO> crystal lattice. In addition, the obtained crystallite
size is displayed in (B) determined by the Scherrer equation.

distributions, which do not show any indication of micropores or small mesopores in larger
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amounts. Second, in contrast to SiO> the mesopores’ shape differ, because the walls consist
of crystalline nanoparticles of variable shape. Furthermore, the isotherms are almost iden-
tical in shape, which itself speaks for a defined templating and, hence, defined mesopore
shape and arrangement. The physisorption and SAXS data are in agreement with each other
in that the pore-to-pore distance determined by SAXS (22- 24 nm) fits well to the mesopore
size (10 — 20 nm) and the crystallite sizes (wall thickness) of 5 nm — 8 nm. All in all, the
different characterization methods are in conformity with a 3D-connected array of spherical
mesopores in the as-prepared materials.

The crystal structure of the samples was studied by X-ray diffractometry (Figure 5). All
samples exhibit the Fm-3m cubic structure of CeO; with slight 26 shifts of all reflections,
which are assigned to changing lattice constants, indicating the presence of a solid solution
and excluding significant phase separation. Using the Scherrer equation’®, the crystallite
sizes of the doped materials were calculated (Figure 5B). Despite the identical annealing
step, the pure CeO> powders have an average crystallite size of 8§ nm, while the Gd- and
Pr-doped possess crystallites of 5 nm in size. In order to evaluate the shifts and neglect
instrumental causes, the doped mesoporous powders were mixed with small amounts of
NaCl serving as reference. By normalizing the acquired diffractograms to the (220)-reflec-
tion of CeO» the exact position of the reflections of doped CeO» were determined, in regard
to pure CeOz. It is found (Figure 5B) that for 10 at.-%-Zr CeO: the (220) reflection moves
to a higher 26 angle, while in case of 10 at.-%-Gd CeOz, 10 at.-%-Pr CeO2 and 10 at.-%-
Tb CeO: a shift to lower 20 angles is observed. The reason lies in the different ionic radii
of the doped ions, which shrinks the lattice constant when replacing the Ce*" ions (97 pm)
by smaller ions such as Zr*" (84 pm).* Concomitantly, the lattice constant enlarges when
using larger ions such as Gd*>* (105 pm). In the case of praseodymium and terbium, both

ion species M*" or M*" may be present. In case of Pr and Tb, the observed shifts of the
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reflections to smaller 20 angles point to the presence of Pr** (113 pm) and Tb** (104 pm),
as the trivalent ions are larger than Ce*" (see Figure 5 C). For praseodymium and terbium,
the 3+ oxidation state is surprising, as the Pr*" ion (95 pm) possesses a similar diameter as
Ce*" (97 pm) and could thus replace Ce*'. The 3+ oxidation state leads to the formation of
oxygen vacancies in order to compensate the charge imbalance. It is well established that
the Pr*' ion is not as stable as the Ce*" ion eventuating in the reduction of mixed CePr-
oxides when the oxygen partial pressure is below that in ambient air.*® As our synthesis
protocol uses a vacuum furnace to evaporate the remaining solvent, the prevailing reduced
pressure induces the formation of Pr** ions, and similarly the incorporation of Tb*" instead
of Tb*" can be explained. Thus, although the mesoporous powders are annealed up to
550 °C in the last step of the synthesis, Tb** and Pr** are not oxidized. This contradicts the

findings of Li et al.*!

who prepared Ceo.sPro202-5 via a citric acid assisted sol-gel method
and showed that the lattice constant only differed slightly from pure ceria concluding the
presence of Pr*" instead of Pr**. However, the difference between their and our samples
lies in the porous structure and the different annealing temperatures (550 °C vs. 1000 °C).
The latter may allow Pr** to completely reoxidize to Pr** ions, but our study uses a signif-
icantly lower temperature. Furthermore, Trovarelli et al. also experimentally confirmed the
existence of Tb** and Pr** in doped CeO> samples based on the value of the fourth ioniza-
tion potential dictating the ranking of stability of the +4 oxidation state (Ce > Pr> Tb).!*
The mesoporous samples were investigated using Raman spectroscopy to elucidate the
defects and determine the presence of possible phase-separated compounds (Pr203) (see
Figure 5). The Fa, vibrational mode at around 465 cm™!, which is typical for the cubic CeO

structure, was observed for every doped CeO; sample, thus being in agreement with the

XRD analysis. The band shows a red shift indicating that a solid solution of the dopant with

-41 -



CeOz-basierte Nanostrukturen als Modellkatalysatoren fiir die HCI-Oxidation

465 cm”

«Q

defect bands

v

Intensity

T T T T T T T T
10% Tb

FZg

I }

T T T T T T T T

300 400 500 600 700 800
Raman shift / cm”

Figure 6: Raman spectra of the doped mesoporous CeO> powders. In all cases the vibra-

tional F2, mode is observed with a slight red shift. Additionally, for the Gd-, Pr- and Tb-

doped samples, defect bands are detected.

the ceria is formed. Additionally, the Raman spectra of the Gd-, Pr- and Tb-doped ceria
feature defect bands between 560 and 600 cm™. As explained by Guo et al.**, the band at
580 cm™! for Tb-doped ceria derives from the different oxidation state of the doped ion and
is therefore directly related to the oxygen vacancy formation. This interpretation can also
be applied to the defect mode at 560 cm™! of the Pr-doped ceria. In the case of the Gd-doped
samples, two defect bands are observed at 540 and 595 cm™'. While the latter follows the

same explanation as for the Pr- and Tb-doped samples, the former is explained to be a
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second-order Raman mode of oxygen vacancies also observed by incorporating other tri-
valent ions such as Sm*" or Eu**.#3 In order to determine the intrinsic defect sites, litera-

ture4 1,44

suggests to compare the relative intensity of the defect D band at around 560 cm’!
with the Fag band. In our case (see Figure S2), Pr-CeOz shows the highest amount of in-
trinsic defect sites and thus, oxygen vacancies, followed by Tb-, Gd-, Zr- and undoped
CeOs. However, the so-gained data has to be taken carefully, as this approach assumes that
the defect band solely is effected by defect sites in the form of oxygen vacancies. Next to
defect bands caused by the presence of oxygen vacancies, the M+-O band also exists near
this area as observed for the Gd-doped sample. When comparing the same dopant with
different concentration, the relative ratio of the two peaks is easily correlated to the dopant
concentration, but the interpretation is impeded when comparing samples containing dif-
ferent dopant species. Here, the results correspond well to the XRD data indicating the
presence of Pr and Tb in its 3+ oxidation state introducing charge compensating oxygen
vacancies in the ceria lattice.

Next to the Raman spectroscopy, the CeO2 samples were additionally investigated by
FT-IR (see Figure S2), which show the absence of C-O and C-H vibrational modes
indicating the complete decomposition of the used polymeric template for all samples. In
all cases, the Ce-O vibrational mode*® was present in the region between 850 — 500 cm’!
with no significant differences between each other. Only the intensity of the bands at around
3000 cm™! and 1640 cm™ differ in their intensity, which is assigned to the amount of water
adsorbed on the surface due to the storage of the samples under ambient conditions.

Lastly, the dopant concentration as well as the Ce**/Ce*" ratio was determined by using
XPS (see Figure S1). The survey spectra feature the spectral band of Ce, O, C and Zr, Gd,
Prand Tb, respectively. The carbon signal most likely originates from contamination of the

nanostructures while exposed to ambient air. In order to quantify the doped samples, the
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Ce4d spectra were integrated and compared to the integral area of Zr4d, Gd4d and Tb4d
while incorporating the relative sensitivity factors (RSF) for each compound into the cal-
culations. These bands were picked as suitable as they are detected at similar low binding
energies (120 — 200 eV) neglecting effects like loss of kinetic energy due to a higher pen-
etration depth (see Figure S1). Hence, the observed signals derive from a similar depth of
the nanostructure. In the case of Pr4d and Ce4d, the bands interfere with each other and are
not separated properly. For this reason, we chose the Pr3d band at around 940 eV and col-
late it to Ce3d at 900 eV. The results are shown together with the EDS analyses in Table 1.
The obtained values are nearly identical despite the fact that XPS only possess a penetration
depth of around 5 nm and EDS covers more than 100 nm. The MP-AES results are based
on the decomposition of the structure in solution using aqua regia and thus, includes the
total dopant concentration in the CeO; sample, which is not limited to a local spot (EDS)
or the surface (XPS). The data from the MP-AES differ slightly from the EDS and XPS
data beside the Zr-doped sample and speak for the enrichment of the dopants in the bulk
and not the surface. For the catalytic investigations, the present concentration of Zr, Gd, Pr
and Tb on the surface is decisive as the dopants are directly involved in the oxidation reac-
tion with the gaseous reactants.

Table 1: Comparison of the dopant amount in atomic percentage of the doped meso-

porous CeO> samples measured by MP-AES, calculated by XPS, and detected by EDS.

Sample 10%-Zr  10%-Gd 10%-Pr 10%-Tb
MP-AES: M** / at.-% 10£1 15+1 13+1 13+1
XPS: M**/ at.-% 10=+1 9+1 11+1 12+1
EDS: M*" / at.-% 112 9+3 12+2 11+£3

The Ce*" concentration is calculated by using the Ce3d line.***® There are many pub-

lished articles proposing strategies to distinguish between the contribution of CeO; and the
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Figure 7: XPS Ce3d spectra of the doped mesoporous CeO, powders to calculate the ratio

of Ce*" and Ce*'. The corresponding bands for Ce*" are depicted in red.

reduced form (Ce203) involving the use of linear combination of reference spectra of pure
CeO> and Ce>O3; which we obtained for ultra-thin films on Ru(0001) single crystal.*’
Hence, we fitted the bands of the Ce3d utilizing these reference spectra and differentiated
the pure CeO> doublet signals (u, u’’, v’’’ and v, v’’, v’>”) and two Ce>O3 doublets (uo, u’
and vo, v’) (see Figure 7). The high number of signals derives from the interaction of CeO>

1..°° The 10 lines are com-

upon radiation, which was intensively described by Romeo et a
posed of five spin-orbit split pairs with a splitting of 18.5 eV between the corresponding u
and v denoted peak. The 3ds. lines are labeled as vo, v, v’, v’’, and v’”’, and the spin-orbit

299

split of the 3d3, lines as up, u, u’, u’’, and u’’’. As every sample was investigated under the

-45 -



CeOz-basierte Nanostrukturen als Modellkatalysatoren fiir die HCI-Oxidation

same experimental conditions, the undoped and doped CeO> materials are assumed to ex-
perience the same degree of reduction upon radiation. We also considered the approach by
Skala et al.®!, describing the asymmetric shape of u and v by modelling it using two sym-
metric peaks. By applying this model, we calculated the highest Ce®" concentration with
27 % for the pure CeO, samples followed by the Tb-doped (22 %) and Zr-doped (21 %)
mesoporous powders. However, one has to consider that the condition of the XPS analyses
does not correctly reflect the condition in the following catalytic investigations. The visible
shoulders in the Ce3d spectra derive from the usage of a stainless steel holder resulting into
charge effects and shifting the peaks around 2-3 eV. They were not considered in the cal-

culations of the Ce>" concentration.

To conclude, the thorough characterization of mesoporous doped CeO» powders enables
to study the influence of the dopants on the dynamic and complete oxygen storage capacity

(OSC/OSCc) as well as the catalytic behavior in the HCI oxidation.

Dynamic and Total Oxygen Storage Capacity (OSC, OSCc)

The OSC of a ceria material is often related to the catalytic activity in oxidations reac-
tions. Here, we investigated the OSC by using CO as the reducing and oxygen as the oxi-
dizing agent. In the following, we distinguish between the total (OSCc) and the dynamic
oxygen storage capacity (OSC), which were both performed at 430 °C being the same tem-
perature as used for the HCI and CO oxidation. The OSCc is obtained by applying 10 vol.-

%-CO pulses to the material until a maximum of reduction is achieved. Afterwards, 10
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vol.-%-0O2 pulses reoxidize the sample giving the amount of oxygen which is needed for

maximum oxidation the sample from the reduced state (Figure 8). Furthermore, using the
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Figure 8: Results of the doped ceria mesoporous powders in regards to the total and dy-

namic oxygen storage capacity (A) and the HCI oxidation with mild (B) and harsh condi-

tions (C) at 430 °C as a function of the time on stream.

same setup, the sample is reduced and oxidized alternately by pulsing CO and O.. The so-
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obtained dynamic OSC may have more relevance for the actual catalytic reaction, as the
sample never reaches a completely reduced state and only includes the most reactive oxy-
gen species in the ceria lattice. The usage of well-defined, ordered mesoporous materials
for such studies and comparison is advantageous, because the mesopore size is large and
the pore network so extended that it is justified to assume unhindered transport of the in-
volved gases through the pore space, i.e. the diffusion through the pore space can be ex-
cluded as rate-limiting factor.

In Figure 8, the measured OSC(c) data for the doped mesoporous ceria samples are com-
piled. All of the measurements were performed two times for each type of material, to
validate the reproducibility of the OSC(c) measurements. It is observed that each dopant
enhances the total as well as the dynamic oxygen storage capacity, but to a quite different
extent. The integration of only 10 at.-%-Zr leads to a higher complete (OSCc) as well as
dynamic OSC, which is in agreement with previous studies.!*!®%3 The incorporation of
Gd** increases both, the OSC and OSCc. The moderate increase in the OSC by only ca.
10% compared to the analogue mesoporous cerium oxide sample confirms our previous
study on doped electrospun nanofibers.?> However, these results on Gd-doped CeO2 nano-
materials are generally surprising, as Gd*" is not redox-active and substitutes redox-active
Ce*" in the ceria lattice, which, at first glance, should decrease the oxygen storage capacity
compared to pure CeO>, especially the OSCc value. This enhancement in the OSC and
OSCc in Gd-doped CeO- cannot be explained by possibly different surfaces areas, as the
BET surfaces are practically identical for all materials. We believe these findings are at-
tributed to the experimental conditions in our OSC measurements. The chosen analysis
temperature 0f 430 °C is not high enough to substantially reduce bulk oxygen which usually
starts above 600 °C.>*¢ Thus, the here measured OSCc values — similar to the OSC — rather

correspond to the surface and bulk mobile oxygen vacancies at the given temperature.
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The values of the OSC(c) are influenced by several different factors. In the case of the
total OSC, the measured uptake of oxygen by the catalyst is determined by the available
surface oxygen and the mobile oxygen bulk species at a given temperature (here 430 °C).!?
Thus, the OSC value is controlled by the oxygen vacancy formation and the oxygen migra-
tion activation energy dictating the mobility of bulk oxygen migrating to the ceria surface.
In addition, morphological factors such as the particle size>’ and the BET surface area in-
fluence the OSC value. In a recent study, we showed that with increasing particle size in
the range from 5 — 12 nm an enhancement of the OSCc at 430 °C occurred, which was
explained by the lowered oxygen vacancy formation energy with rising particle size.”’
However, in the present case the surface areas and the particle sizes are quite similar, ex-
cluding a significant impact of these particles.

In the case of trivalent ions like Gd**, the transport of oxygen to the particle surface is
increased by an increasing number of oxygen vacancies.’® In essence, the incorporation of
Gd into mesoporous CeO> results in an increase in the OSC(c) at the given temperature of
430 °C, which can be attributed to the enhanced mobility of oxygen species, allowing to
reduce and oxidize a greater part of the ceria material. This interpretation is supported by
Anirban et al.>® having calculated an activation energy of 0.86 eV for the transport/conduc-
tivity in nanocrystalline 20 at.-% Gd-doped CeO> which is significantly lower than the one
of pure CeO: (1.0 eV).%° Thus, their results confirm the enhanced mobility of oxygen of
ceria containing a trivalent ion. In addition, our experimental findings are in good agree-
ment with those of Veranitisagul et al.®! and Guo et al..>* The latter reported the doping of
CeO: with Nd facilitating the diffusion of bulk oxygen to the surface and therefore increas-
ing also the OSCc value. While the same is applicable for Gd**, increasing the reaction
temperature above 600 °C, at which the reduction of bulk oxygen takes place, would most

likely lead to a smaller OSCc value compared to pure CeOs.
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By contrast, the incorporation of isovalent Zr*" ions reduces the oxygen vacancy for-
mation energy given by the reported increased strain-related reducibility, being a thermo-
dynamic parameter, which however also affects the ionic transport.'!> The OSC(c) values
of the Tb-doped are quite similar to the Gd-doped ones, while the OSCc is larger than pure
CeOs. Although Tb can — in contrast to Gd — potentially switch between its 3+ and 4+
oxidation state, the similarity in the OSC(c) values suggests Tb*" is not present in our ma-
terials and occurs only in the 3+ state. This finding is in good agreement with the XRD
results (see Figure 5) showing a larger lattice parameter for the Tb-doped CeO2 mesoporous
material due to the presence of Tb®" ions being larger than Ce*" ions. This also pertains to
the existence of more oxygen vacancies than in the undoped CeO; system fitting to the
results obtained from Raman spectra and the observed defect bands (see Figure 6).

Lastly, Pr-doped mesoporous CeO; reveals the highest OSC(c) among the doped sam-
ples. Not only does the incorporation of Pr raise the OSCc value, but also the dynamic OSC
by the double amount of oxygen stored per square meter. In contrast to the Tb-doped sam-
ple, Pr changes its oxidation state between 3+ and 4+ during the redox cycle increasing the
amount of stored and released oxygen. These results show that the amount of reversible
oxygen vacancies in Pr-doped CeO: is increased in comparison with the other doped CeO:
samples, consistent with the Raman findings (see Figure 6). Furthermore, the results are in
good agreement with other studies

investigating redox properties of Pr-doped CeO,. Ahn et al.®

showed by H» temperature-
programmed reduction experiments that the incorporation of Pr in the ceria lattice promotes
the bulk reduction of the materials even at lower temperatures. The authors explain this
phenomenon by the increased oxygen vacancy concentration as well as by the formation of

an ordered arrangement of the existing vacancies facilitating the oxygen mobility. In addi-

tion, our findings also match the results of Trovarelli® revealing the bulk reduction of Pr-

-50 -



3.1 The Impact of Alio-/Isovalent lons (Gd, Zr, Pr and Tb) on the Catalytic Stability of Mesoporous Ceria in the HCI Oxidation Reaction

and Tb-doped CeO: to occur at lower temperatures compared to undoped CeO>. In combi-
nation with our experimental findings, the usage of multivalent ion such as Pr tailors both
the amount of oxygen vacancies and the oxygen mobility in the system and thus enhances

the total oxygen storage capacity at the given temperature.

Catalytic Performance Tests

HCI oxidation reactions were carried out on mesoporous powders in order to elucidate
the relationship between the catalytic performance, stability and OSC/OSCc (Figure 8).
Such experiments were performed under mild (HC1:O; = 1:2, Fig. 7 B) and harsh (HC1:O>
=2.5:1, Fig. 7 C) conditions. Substantial differences are observed in the STY between these
two reaction conditions, as a function of the time on stream and normalized on the specific
surface area (see Table 2). For the mild conditions, all of the samples exhibit a moderate,
but continuous decay in the STY. In case of the doped ceria samples the HCI oxidation
performed under harsh conditions (Figure 8 C) shows significantly more drastic changes in
the STY over time, dropping to almost zero for the Pr-, Gd- and Tb-doped sample within a
few hours. Moreover, the conversion rate of HCI to Cl» decreases fastest for Pr-doped ceria
followed by the Gd- and Tb-doped sample, whereas the pure ceria sample and the Zr-doped
catalyst remain stable even beyond a 10 hours’ exposure time.

First, these comparative results demonstrate that a relatively high OSC(c) value, as for
the Pr-containing material, does not necessarily correlate to a high activity in an oxidation
reaction, if compared with the other materials of identical morphology. Second, the marked
decay in the STY of the Pr-, Gd- and Tb-doped sample indicates pronounced chemical
alterations, which were addressed by XRD analysis on the used materials. After applying
the harsh HCI oxidation several additional XRD reflections (see Figure 9) are observed for

the Gd-, Pr- and Tb-doped ceria materials which are assigned to CeCls; x H2O in all cases.
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Figure 9: X-ray diffraction patterns of the mesoporous doped CeO, materials upon the

harsh HCI oxidation. Additionally, the reference pattern of cubic CeO, (ICDS 98-016-

4225) is displayed.

According to the results of Rietveld refinement (see Figure S5), no other crystalline metal

chloride (GdCls, PrCls or TbCls) is present. The content of CeCls is 87 wt.-% and 91 wt.-

% for the Pr-doped and Tb-doped sample, respectively, and the rest of the material consists

of pure CeOs.

In order to study the impact of oxidative catalytic reactions on the mesoscopic structure,

the doped samples were investigated after the HCI (harsh and mild) oxidation reactions

(Figure 9). The defined mesopores were clearly visible using SEM before the catalytic
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Figure 10: SEM images of the Zr- and Pr-doped mesoporous CeO> before (first row) and
after and HCI oxidation. The latter was performed using mild (second row) and harsh

conditions (third row).

studies. While the Zr-doped mesoporous material still depicts the defined shape and ar-
rangement of 13 nm-sized-mesopores, the Pr-doped mesoporous powder exhibits a pro-
nounced deformation of the porous structure even after applying the mild reaction condi-
tion. Upon harsh reaction conditions, the ordered mesoporous structure degrades to bigger
agglomerated particles being consistent with CeClz x H>O observed in the XRD pattern
(see Figure 9).

Although the SEM images taken after mild and harsh treatment in the HCI oxidation
imply that these catalytic conditions affect the porous structures negatively, these altera-

tions might also partially be due to the heat treatment itself. To disentangle the impact of
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the catalytic reaction from the heat treatment all of the doped materials were used in a CO
oxidation reaction at 430 °C which thus resembles the OSC(c) measurements. SEM reveals
an unchanged mesoporous structures for all materials (see Figure S7). Hence, the changes
visible in SEM after the HCI oxidation solely originate from chemical corrosion by HCI
and Cla.

These results are supported by nitrogen physisorption. As shown in Table 2, the high
specific surface area of the pristine Pr- and Tb-doped ceria samples shrinks to 15 and 8 m?
gl respectively, while the chlorinated Gd-doped catalyst indicated a surface area of less
than 1 m? g'!. However, the decrease in the BET-surface area and the accompanied de-
crease in pore volume are also observed for the pure ceria and 10%-Zr doped sample, de-
spite the absence of CeCl; formation (XRD analysis). These observations primarily indicate
the disruption of the mesopore space for the Gd-, Pr- and Tb-doped materials. The
mesoscopic alterations observed by SEM and physisorption correlate to the transformation
of the CeO> materials into CeClzxH>O and even in-depth chlorination as observed by XRD.
CeCl3 x H20 grows unhindered into large crystals, and in particular the entire CeO2-based
framework (pore walls) is involved, indicated by the sharp CeCl; x H>O XRD reflections.
By contrast, in case of the Zr- and undoped CeO- sample the ordered mesostructure is per-
sistent. The preservation of the porous structure via SEM combined with the changes in
pore volume by nitrogen physisorption measurements indicate that only a fraction of the
material, e.g. the mesopore surface, surface gets chlorinated reducing the accessible surface
area during the Deacon process, yet without affecting the catalytic performance. In addi-
tion, Table 2 reveals the highest structural stability against HCI/Cl, for the Zr-doped sam-
ples, as the pore volume decreases least of all and the mesopores maintained, still pos-

sessing an average diameter of around 14 nm in diameter (see Figure S6)), while a certain
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deformation is certainly present (see Figure 10). This structural persistence correlates well

with the stability of the STY in the HCI oxidation.

Table 2: Na-physisorption investigations of the mesoporous doped ceria including the

BET-surface area and the porous volume before and after the harsh HCI oxidation.

CeOs:- 10%- 10%- 10%- 10%-
Sample
B} Zr Gd Pr Tb
BET, as-prepared / m* g’! 90+5 92+5 88+5 91+£5 86+5
BET, after HCI oxidation / m?g! | 2845 32+5 - 14+5 8+5
- 3 3

Pore volume, as-prepared /em™g™ | 15 ¢ 0.10 0.10 0.10
Pore3V(?11ume, after HCI oxidation 0.04 0.1 . 0.03 0.01
/cm’ g
Pore volume loss 65% 39% - 70% 89%

In order to interpret the quite different impact of the dopants on the catalytic and, con-
comitantly, the structural stability, the differences on the level of the oxygen vacancies need
to be discussed. Our results clearly show that for Gd-, Pr- and Tb-doped ceria catalysts the
decay in both types of stability is most pronounced, and in these materials the ions exist in
the 3+ oxidation state, which imposes the presence of a correspondingly large concentration
of oxygen vacancies. Hence, the pronounced chloride formation is related to the O- and CI-
species entering oxygen vacancies at the surface.® As these vacancies are required in the
HCI oxidation for producing the final product Clz, the occupancy of chlorine atoms in these
vacancies is an important process occurring at the surface, to occasionate the desorption of
CL. If, however, chlorine species diffuse into sublayers, mediated by a pronounced number
of oxygen vacancies, irreversible formation and growth of CeCls occurs. Our experiments
cannot clarify if the crystallization of CeCl; proceeds as nucleation/growth process at the

surface or if indeed the entire particles are transformed. The interpretation that the oxygen
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vacancies are a decisive parameter is supported by our experiments showing that this pro-
cess occurs for the Gd-, Pr- and Tb-doped ceria catalyst, but was prevented when using Zr
as the dopant (see Figure 11). As doping ceria with Zr reduces the oxygen vacancies for-
mation energy, but does not provide oxygen vacancies directly, the chlorination of the bulk
is prohibited. In the other cases, the higher amount of extrinsic oxygen vacancies induced
by trivalent ions promotes a higher oxygen diffusion, but also allows the chlorine species
to reach the bulk and subsequently lead to the formation of CeCls, which is inactive in the
catalytic reaction.

Lastly, Pr-doped CeO> provides both, high ionic mobility and high amount of oxygen

Used

Zr-doped Pr-doped

Figure 41: Schematic illustration of the CeCls formation in the Zr- and Pr-doped mesopo-

rous CeO> during the harsh conditions of the HCI oxidation.

vacancies as reflected by the high OSC values. The comparably fast degradation of the
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catalytic activity in the HCI oxidation compared to the other tested doped materials can
thus be qualitatively correlated to the larger number of oxygen vacancies as observed by
large OSC(c) values. In good agreement with the explanation for the higher OSC(c), the
material replenishes quickly the oxygen vacancies on the surface, and also shows enhanced
transport oxygen ions compared to CeO2 and Zr-doped CeOz. We speculate that this also
seems to apply for chlorine thus spurring the chlorination process of the material thus,
showing the lowest stability of the investigated materials. Therefore, we can conclude that
a higher amount of irreversible extrinsic oxygen vacancies is detrimental for keeping stable
activity in the HCI oxidation and thus, tailoring the oxygen vacancy formation energy is

decisive for preparing the most stable and active model catalyst in the Deacon process.

Conclusions

This study was devoted to shed more light into the relationship between the oxygen stor-
age capacity, catalytic performance in an oxidation reaction and the stability under harsh
conditions as in the Deacon reaction (HCI oxidation). Many catalytic investigations in the
literature assign the catalytic properties of ceria-based materials to the oxygen storage ca-
pacity. By choosing an appropriate model system in the form of mesoporous CeO2 powders
with a 3D network of defined mesopores, we tailored the type and amount of oxygen va-
cancies by incorporating Gd**, Zr*", Pr*"#* and Tb*"*" dopants. All mesoporous samples
feature an identical, 3D network of ordered mesopore of uniform size and shape, which
provides the central conceptual methodology of this study. In particular, the size of the
mesopores (ca. 13 — 15 nm) and the absence of a significant amount of micropores assure
that the transport hindrance of educt molecules to active sites can be neglected when com-
paring the reactivities of the differently doped materials. Hence, these mesoporous powders

allow for a reliable and meaningful relation of composition, and hence the impact of oxygen
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vacancies, with the stability and activity in the HCI oxidation reaction. We find the rela-
tionship between the dynamic and total OSC and the catalytic stability depends strongly on
the induced type of oxygen vacancies (see Zr*' vs. Pr’*, Tb>") as well as on the mechanism
of the investigated reaction, in this case the HCIl oxidation reaction. In general, the
OSC/OSCc depends on the oxygen vacancy formation energy as well as the amount of
oxygen vacancies and oxygen migration to the surface. These parameters were enhanced
by the addition of trivalent ions. While Pr and Tb exist in the 3+ oxidation state as shown
by XRD, in-depth chlorination was observed. Hence, despite the high OSC(c) of the Pr-
doped sample, a high accessible amount of oxygen vacancies for chlorine results in inacti-
vation of the catalyst, and hence the space-time yield drops to almost zero within a few
hours on stream. By contrast, mesoporous CeO; without any additional dopant is quite sta-
ble in the Deacon reaction, probably because the concentration of oxygen vacancies is com-
parably small. A recent study on thin cerium oxide films showed that CI species can occupy
oxygen vacancies on the surface, which is possibly decisive for the formation of CeCl; and
thus the deactivation of the catalyst.*” A study using Prompt Gamma Activation Analysis
(PGAA) on CeO; powder revealed that chlorine can enter the bulk structure under oxidiz-
ing conditions occupying the O-vacancy positions, without the formation of crystalline hy-
drated CeCl3.2%¢ Li et al. found surprisingly high concentration of chlorine within CeO,
nanorods upon HCI oxidation without affecting the stability of the rods.%” Our study is in
line with these previous works, but furthermore suggests that the CI species can occupy
oxygen vacancies at least on the surface. We speculate that a high concentration of oxygen
vacancies may even allow Cl to diffuse at least into sub-surface parts of the materials, per-
haps even into the bulk material leading to the formation of CeCls thereby deactivating the

catalyst. Further studies are needed to clarify how deep chlorine is able to penetrate into
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CeO2 and thus to determine the crystallization mechanism of hydrated CeCls in the Deacon
reaction.

All in all, our study confirms that increasing the stability of CeOz can be achieved by the
usage of Zr*" as the dopant, providing a better reducibility of ceria without introducing
charge-compensating and oxygen vacancies increasing the mobility for the Cl species in
the bulk. As our model system based on mesoporous powders with defined 3D-connected
spherical pores allowed to study the morphology changes efficiently after the harsh condi-
tion of the HCl oxidation using SEM and nitrogen physisorption, further research will be
conducted on CexZrixO2 mesoporous structures in order to further address the interplay

between composition, reactivity and stability for one dopant.
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ABSTRACT

We synthesized CeO,-ZrO; nanoparticles as building blocks for preparing mesoporous powders
based on nanoparticle dispersion and achieve surface areas up to 180 m? g!, while maintaining
the accessibility to the surface due to the combination of templated mesopores and interstitial po-
rosity of the particles. Oxygen storage measurements and the catalytic conversion of hydrogen
chloride into chlorine (Deacon Process) were used as model reaction to address the impact of a
defined mesopore morphology on the catalytic performance. Our study reveals that the dynamic
oxygen storage capacity of the CeO,-ZrO, nanoparticles themselves is overall lower in compari-
son with the mesoporous powders generated thereof. A similar result is obtained in regards to the
catalytic properties in the Deacon process indicating that the highly distributed mesopores in the
Ce0,-ZrO, matrix enhance the access to the catalytically active sites for the gaseous reactants re-
sulting in an improved chlorine conversion. Furthermore, the mesostructured CeO,-ZrO, powders
showed an increased stability against chlorination compared to the nanoparticles due to the ab-
sence of possible agglomerates transforming to CeCls as observed for CeO, nanoparticles. For ag-
glomerated nanoparticles the diffusion to the surface is a surprisingly relevant rate-determining

parameter and might not be suitable for studying the intrinsic catalytic properties.
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Introduction

The research on heterogeneous catalysts based on CeO> materials has grown more
strongly in the recent years, as they developed to promising candidates in industrial redox
reactions. Owned to their unique redox properties (Ce** / Ce*")!, CeO; catalysts are suitable
to be used in a variety of oxidation> as well as hydrogenation processes*, participating
passively as an oxygen supplier or as the active phase like in the Deacon process, i.e. the
catalytic conversion of hydrogen chloride into chlorine.>> While RuO,/TiO»-based cata-
lysts® are currently used in the industry, CeO»-based materials are recommended as prom-
ising alternatives in the catalyzed HCI oxidation due to their high oxygen storage capacity
(OSC) and the non-volatile chloride species formed at higher temperatures.”® However,
the harsh conditions on the CeO; catalysts owing to the corrosive gas mixture of HCI/Cl»
and the elevated temperatures often lead to a degradation of the catalytic activity in a long-
term run. Hence, there needs to be emphasized research on the catalytic stability of CeO»
materials in the HCI oxidation.

In recent studies, investigation of shape-controlled CeO» nanoparticles revealed the high-
est stability of rod-like particles with distinctive (110)-orientation'?, whereas another study
demonstrates enhancing the stability in the Deacon process under the presence of water.!!
A further option takes advantage of the addition of different metal oxides such as Al2Os or
ZrO, for stabilizing CeO, against the occurring in-depth chlorination'? as well as sinter-
ing'>!'* during the reaction process. We could verify this effect in recent studies'’, in which
we used electrospun CexZri«O2 nanofibers of 100 — 200 nm in diameter to visualize the
corrosive reaction impact on the fiber morphology using scanning electron microscopy
(SEM). The obtained results indicated a better performance and hence, better stability, of

the mixed oxides compared to the pure CeO> nanofibers suffering from alterations of the
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fiber structure. In a further study'®, we used pre-synthesized and dispersible nanoparticles
as precursors for inducing a mesoporous structure due to interparticular gaps between the
particles and thus, increasing the BET surface area of the nanofibers. They showed a better
performance in the Deacon process, but indicated the loss of the fiber structure after the
harsh condition of the HCI oxidation reaction. One approach to overcome these stability
issues is the incorporation of Zr in the CeO lattice.!” As our study prepared the nanofibers
with high BET surface area using CeOz-nanoparticles, synthesizing corresponding dispersi-
ble CeO>—ZrO> nanoparticles as precursors is required. While the nanofibers are suitable
morphologies for tracing changes with straightforward scanning electron microscopy on
the micrometer scale, structural rearrangements are hard to detect because of the disordered
mesostructure. Hence, a suitable material system for studying the catalytic stability should
possess a regular arrangement on the nanometer scale, facilitating the detection of structural
alterations. Furthermore, in an ideal model system, every particle should be equally acces-
sible to react with the gaseous molecules and participate in the reaction. In many catalytic
studies the accessibility of the catalyst is primarily addressed in the form of packing the
material in the catalyst bed, i.e. on a macroscopic scale. However, the nanoscopic arrange-
ment of catalyst material is equally crucial with respect to accessibility, for instance, if the
porosity is in the micropore dimension creating diffusion limitations.'® A step in this direc-
tion are porous materials possessing similar specific surface areas like nanoparticles, but
provide in contrast to the particles an improved accessibility of the surface due to intercon-
nected pores. Recently, Lu et al. revealed an enhanced OSC of CeO», which they assigned
to the interconnected 3D framework of their material.!” Nanoparticles embedded in a con-
trolled porous surrounding provide complete access to the active sites of the particle and

are thus, superior model systems for studying the catalytic properties.
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The model catalysts of our choice in this study are therefore ordered mesoporous pow-
ders with pores of defined shape below 25 nm in diameter to ensure high surface area, a
large number of active sites and facilitated gaseous diffusion at the same time. Such mate-
rials were used to examine the changes in pore volume and pore sizes before and after the
catalyzed corrosive reaction using physisorption techniques, providing inside into possible
transformation reactions in the HCI oxidation reaction. In addition, we report the synthesis
of CexZrixO2 (x =0, 0.2, 0.4, 0.6, 0.8 and 1) nanoparticle dispersions functioning as the
precursor source. As they will be needed in the templating process, the particle must not
exceed a particle size of more than 10 nm limited by the expected pore wall thickness to be
used successfully as building blocks.?® Although the preparation of nanoparticles of CeO>
was investigated in detail in numerous publications®! 3, tailoring the CeQ,-ZrO»-ratio of
uniform particles without the risk of agglomeration or coagulation for several days repre-
sented a challenge by itself.

Then, the mesostructure was established by using the diblock copolymer poly(isobutyl-
ene)-block-poly(ethylene) oxide referred to as PIBso-b-PEQO4s leading to a cubic network
of around 14 nm mesopores connected by smaller channels.?*?* Our approach constitutes a
combination of Weller et al.?® and previous sol-gel-based studies on the impact of such
structure-directing agent on the fabrication of thin mesoporous films.?’?® The latter work
also demonstrated the successful transfer of the given preparation of mesoporous thin films,
using molecular precursors to a process using nanoparticle dispersions.?’

Within this study, we would also like to show the influence of the utilized solvent on the
pore size distribution determined by nitrogen physisorption as well as Small Angle X-Ray
Scattering (SAXS) to ensure a well-characterized porous system. Morphologically ana-

lyzed by Scanning (SEM) and Transmission Electron Microscopy (TEM), the mesoporous
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powders as well as the nanoparticles are studied by X-Ray Diffraction (XRD) and Raman
spectroscopy to validate the existing crystal structure and by X-Ray Photoelectron Spec-
troscopy (XPS) to determine the Ce*" content of the samples. The samples were utilized
for catalytic tests under diffusion-controlled conditions to study the influence of randomly
connected nanoparticle and controlled agglomerated nanoparticle-derived mesoporous
CexZr1xO; structures on the catalytic performance.

Hence, the dynamic and total oxygen storage capacity (OSCc) were measured to relate
the effect of ZrO, doping of CeO: on the with the activity in the CO and HCI oxidation.*
Furthermore, Sayle et al. showed that the catalytic activity of CeO> materials is further
dependent on the kind of nanostructure (particle, rods, mesostructured) accompanied by a
change in the defect concentration and the level of oxygen depletion.! We will use our
comparison between the nanoparticles and mesoporous powders to show the impact of the
mesostructure on the OSC and the relation to the catalytic activity in the HCI oxidation.
Also, the catalytic stability is subjected to the harsh condition of the Deacon process, com-
paring the randomly connected and mesoscopically ordered CeO>-ZrO> nanoparticles with

respect to the relevance of the interconnection of the nanoscopic pore space. !>
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Experimental Section

Preparation of sol-gel-derived mesoporous Ce,Zr; O powders

Ordered mesoporous powders of CexZrixO> (x=0, 0.2, 0.4, 0.6, 0.8 and 1) were prepared via an
evaporation-induced self-assembly process (EISA) based on a combination of an approach by
Weller et al..?® For a total metal precursor amount of 5 mmol, the associated quantities of CeCls -
7 H20 (98%, Sigma-Aldrich) and ZrOCl, - 8 H20 (99.9%, Alfa Aesar) were added to 3.3 mL
ethanol (99.8 %, Merck) and 3.3 mL 2-methoxy-ethanol (99%, Alfa Aesar). 200 mg PIBso-b-
PEO4s (BASF, Ludwigshafen, Germany) were dissolved in 6.6 mL ethanol and 1.7 ml acetic acid
(> 99.85 %, Sigma-Aldrich). Both mixtures were treated in an ultrasonic bath for 30 min at 40 °C
and 80 kHz. After cooling down to room temperature, both solutions were mixed together and

100 uL dest. H,O was added to the mixture. The final solution was transferred to six 5 mL PTFE
cups and covered with a glass dome on a heating stir plate. The solutions were heated up to 40 °C
and covered at this temperature with a glass dome for 2 days. The obtained powder was then dried
in a vacuum oven at 50 °C overnight and subsequently annealed at 300 °C for 12 hours with a low
heating ramp of 0.75 K min'. In a final step, the obtained powders were calcined at 550 °C for

10 min using a heating ramp of 4.5 K min"! which led to the crystallization into the desired crystal

structure.

Preparation of the nanoparticle dispersions

CexZr1xO> nanoparticles (x=0, 0.2, 0.4, 0.6, 0.8 and 1) were synthesized via a sol-gel-
route.®® For a total metal precursor amount of 5 mmol the appropriate amounts of
(NH4)2Ce(NO3)s (99 %, Acros Organics) and ZrOCly - 8 H2O (>98 %, Alfa Aesar) were
dissolved in 40 mL distilled water. Precipitation of the metal hydroxides was achieved by
adding 1.5 mL of a 25% aqueous NHj3 (Roth) solution to raise pH above 10 which was
subsequently neutralized by washing the precipitation repeatedly with distilled water. A

total of 5 mL distilled water and 65% HNO3 (Roth) was added to the washed precipitate.
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The ratio of HNO3 — metal content was varied systematically from 1:1 for a pure CeO>
sample to 1.5:1 for a pure ZrO, sample. By sonicating the resultant suspension for 60 min,
a transparent sol was obtained. The sols were dialyzed against distilled water (MWCO:
6000-8000) over 2 days with repeatedly water exchange. For the investigation of the OSC
and the catalytic performance, the CexZr1.xO2 nanoparticles were annealed at 550 °C for

10 min with a heating ramp of 4.5 K min!,

dialysis
i, vacuum drying
cone. - at50 °C
{NH,),[Ce(NO:)d HNO;
+zoci-gH,O || » C
25% NH, calcination h
dest. H,O at 550 °C
|
1
|
e »

Figure 5: Schematic overview of the preparation of nanoparticle-derived mesoporous

doped ceria powders.

Preparation of the nanoparticle-derived mesoporous structure

Similar to the sol-gel-approach, 200 mg PIBso-b-PEQOu4s (BASF) were dissolved in 7.5 mL
distilled water and added to the nanoparticle dispersion. After stirring for 10 min the solu-
tion was transferred into 5 mL PTFE cups. For solvent evaporation, the dispersions were
heated for 3 days at 60 °C under a glass dome. All the following steps were performed as
mentioned in the preparation of sol-gel-derived mesoporous CexZri-xO2 powders with an
annealing temperature at 550 °C for 10 min with a heating ramp of 4.5 K min™!. The prep-

aration is summarized in Figure 1.
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Characterization methods

Scanning electron microscopy (SEM) images were recorded using the model Merlin by
Zeiss with an acceleration voltage of 2 keV and a current of 78 pA. In order to increase the
conductivity of the samples, the films were sputtered with platinum for 10 s with an applied
current of 40 mA. Energy dispersive X-ray spectroscopy (EDS) analyses were recorded by
a XMAX 50 detector from Oxford Instruments using a working distance of 5 mm and a
current of 2 nA and an acceleration voltage of 10 keV. Nitrogen physisorptions experiments
were carried out using a Quadrasorb by Quantachrome Instruments at T = 77 K. Before
each measurement, the samples were degassed at 120 °C for 30 h. By using the BET
method, the surface area was calculated, while the pore size distributions were determined
using a NLDFT approach using the adsorption branch of the isotherm assuming a spheri-
cal/cylindrical pore kernel for silica/nitrogen (77.4 K). The crystalline phases of the mate-
rials were studied by X-ray diffraction (XRD) acquired from a PANalytical Empyrean pow-
der diffractometer using Cu-Ko radiation (A= 1.541 A) at 40 kV and 40 mA. The crystallite
sizes were calculated applying the Scherrer equation on the wide angle reflections. In ad-
dition, Raman spectroscopy measurements were recorded on Senterra by Bruker using a
532 nm laser. The obtained data was analyzed using the predicated software OPUS. X-ray
photoelectron spectroscopy (XPS) measurements were recorded on a PHI 5000 Ver-
saProbe II (Physical Electronics GmbH). The spectra of for all doped mesoporous CeO»
materials were calibrated to a binding energy of 284.8 eV for the C 1s deriving from ad-
ventitious hydrocarbon and 916.7 eV for Ce 3d u”’’ signal from the ceria species. Next to

299

the six signals deriving from CeO> (v, v’’, v’’’ and u, u’’, u’”’), we also take the four addi-

tional signals from Ce;O3 (v0, v’ and u0, u’) into account. Based on the findings of
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Skala et al.>* we used a combination of two signals to fit the observed asymmetry of u and
v resulting in better fit conditions. CasaXPS V2.3.17 was used to evaluate the obtained
spectra. Transmission electron microscopy (TEM) were recorded on a CM30 instrument by
Philipps, which was operated at 300 kV, using copper mesh grids for the sample prepara-
tion. SAXS experiments were performed on the Austrian beamline at the Elettra Synchro-
tron in Trieste. A wavelength 4 of 0.154 nm, a Pilatus3 1M detector and a sample-detector
distance of 1.2 m were used for data collection. A scattering vector s (=2sin(0)/4) range
from ca. 0.01 nm™ to 0.6 nm™' was achieved. The powder samples were placed on adhesive
tapes for the measurements. Beforehand the empty tapes were measured for background
corrections. The SAXS curves were normalized to absolute intensities by using Wavemet-
rics IGOR Pro. The raw data were radially averaged and corrected for sample transmission

and normalized to the primary beam intensity.

Catalytic studies

The determination of the oxygen storage capacity (OSC) was performed using a custom-
made fixed-bed flow reactor already described in a previous article.*? 30 mg of the CeO»-
ZrO> structures were placed in a stainless steel tube supported by quartz wool pads and
transferred to a tube furnace. All of the OSC measurements were performed at 430 °C con-
trolled by a thermocouple directly next to the steel reactor. In order to reduce and oxidize
the ceria catalysts 10 vol.-% carbon monoxide (CO) and oxygen (O2) pulses with argon
(Ar) as the carrier gas were used, which were operated by a V/CI multiposition valve stream
selector, with a total flow rate of 20 sccm. The stream selector allows the time-resolved
pulsing of the reducing and oxidizing agent which flow rate were supervised by MKS

1179B mass flow controllers. After traversing the OSC reactor, the gas passes a stainless
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steel filter (2 pm pore size) and reaching the microvolume thermal conductivity detector
VICI TCD2 operated with a pure argon stream at 100 °C as the baseline and a filament
temperature of 150 °C. The setup allows to distinguish between the complete (OSCc) and
the dynamic oxygen storage capacity (OSC). While the former is achieved by reducing the
sample with consecutive 10 s CO pulses and then oxidize the catalyst with 2 s Oz pulses,
the dynamic OSC is studied by alternating CO (4s) and O pulses (2s). The resulting TCD
peak areas of the oxygen pulses are fundamental for the calculation of the amount of oxygen
stored from the material at 430 °C and are normalized on oxygen reference pulses of the
same pulse duration. By knowing the mass of the weighed out catalyst, the values for OSC
and OSCc are expressed as micromole oxygen per gram (umol(O)/g).

The Deacon reaction measurements were conducted in a home-made fixed-bed flow re-
actor.!® The reactor comprises the gas supply, the quartz tube reactor, heated by furnace,
and UV/vis analytics for chlorine quantification. The following gases were used in the re-
action measurements: HCI 4.5, Oz, 5.0 and Ar 5.0 from AirLiquide, the flow rate of gases
was controlled by digital mass flow controllers (MKS Instruments 1179B). Prior to feeding
the gas mixture into the reactor, Ar was dried using a water absorption cartridge (ALPHAG-
AZ™ purifier H,O-free, AirLiquide). The Deacon reaction activity experiments were car-
ried out under so-called “mild” condition where the argon-balanced reaction feeds contain
20 vol. % Oz and 10 vol. % HCI. The Deacon reaction stability experiments were carried
out under condition where the argon-balanced reaction feeds contain 10 vol. % O2 and 25
vol. % HCI. The total volumetric flow rate was set to 15 cm*STPmin™! (sccm). Typically,
30 mg of catalyst was supported between two quartz wool wads in the reactor tube. Under
the flowing reactant feed, the reactor was heated to a reaction temperature of 430 °C with

a linear rate (computer controlled) of 10K -min™!, held for 4h and 24h (reaction time), then
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cooled down to the room temperature in pure argon atmosphere. The product analysis was
accomplished by a fiber-optic UV-Vis spectrometer (Ocean Optics USB4000 with a DH-
2000-BAL light source) with a Z-shaped flow cell (Teflon®, 50 mm optical path length,
FIAlab). The absorbance at a wavelength of Amax = 329 nm (absorption maximum of chlo-
rine) is proportional to the chlorine space time yield (STY) that was calibrated by standard

iodometry.
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Results and Discussion

In preliminary studies, the synthesis of solely sol-gel-derived mesoporous CeO»-ZrO»
was investigated without the need of preformed buildings blocks. Here, the approach was
similar to the proposed one in the experimental section for the nanoparticle-derived ones
with the exception that the metal salts CeCls - 7 H2O and ZrOClz-x 8 H20 were used to-
gether with the diblock copolymer. The attempt was based on a combination of the method
by Weller et al.?® and our previous published syntheses of equivalent mesoporous CeO»-
ZrO; thin films*”?® utilized the same template PIBso-b-PEQas. The structural studies using
SEM and nitrogen physisorption reveal the presence of a cubic arrangement of 12-15 nm
mesopores with BET surface areas ranging from 50-70 m? g'!. However, XRD studies
demonstrated for the mixtures around 50:50 the existence of Ce-lean and Ce-rich phases.
This could be further proven by EDS analyses, displaying a high deviation of the Ce-con-
tent of the as-prepared samples. As these samples are not suitable for investigating the im-
pact of the Zr-dopant content on the OSC(c), preformed nanoparticles with defined CeO»-
ZrO»-ratio were synthesized in order to avoid phase separation and even further increase
the specific surface area of the samples while maintaining an interconnected porous net-

work.

Characterization of the nanoparticles

The nanoparticles were synthesized by sol-gel-driven mechanism based on the work of
Deshpande et al.** and yield nearly monodisperse yet crystalline nanoparticles. By adjust-
ing the amount of the given precursors (NH4)2Ce(NO3)s and ZrOCl; - 8 H>0, the compo-
sition of CexZr1xO2 (x = 0 — 1) of the nanoparticle can be tailored precisely. A hydrolysis

step at basic conditions (pH > 10) due to the addition of aqueous NH3 solution lead to the
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Figure 6: (Top) DLS results of the CeO, and CZO60 nanoparticle dispersions being used
as-prepared for the synthesized mesoporous powders. (Bottom) TEM images of the same

nanoparticles after annealing at 550 °C with the corresponding SAED investigation.

formation of Ce(OH)4 which growth is controlled by subsequently decreasing the pH using
nitric acid. In this low pH range, the smaller formed hydroxide particles dissolve easily
while the already bigger Ce(OH)4 particles grow only slowly. The particle sol is then trans-
ferred slowly to a higher pH value of around 5 by dialysis. For further details on this ap-
proach, please refer to the work of Deshpande et al..>*

The as-prepared nanoparticles dispersions were investigated by DLS resulting in 3-5 nm
in hydrodynamic diameter (see Figure 2). The sols were dispersed in H>O, while also other
solvents such as ethanol, ethanol:2-methoxyethanol-mixture, tetrahydrofuran or methanol
were used. However, the only eligible dispersion medium was H>O forming a stable nano-
particle sol lasting at least 2 weeks, while the others lead to the precipitation of the nano-
particles. In order to prepare the mesoporous structure with a well-defined mesoporous
structure using a nanoparticle sol, the size of the nanoparticles need to be smaller than the

thickness of the pore walls. These do not exceed 15 nm, when using the here added template
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PIBso-b-PEQ4s?*?73%. Hence, the obtained particle dispersions are suitable as building

blocks to prepare mesoporous powders.

Morphological characterization of the nanoparticle-derived mesoporous CexZri1-xO2
The preparation of the nanoparticle-derived mesoporous structures follows a so-called
evaporation-induced self-assembly (short: EISA-process)*® using the nanoparticles as pre-
cursors and a diblock copolymer PIBso-b-PEQ4s as the structure-directing agent. During
the heating of the solution at 80 °C for 2 days under a glass dome, the water evaporates
slowly in a saturated solvent vapor atmosphere and the inorganic particles attach on the
outer shell of the polymeric micelles assembling into an ordered cubic structure. Although
the template already decomposes at around 300 °C using a long holding time, which was
proven by thermogravimetric measurements in a previous work®®, an annealing step at
550 °C was chosen to increase the crystallite size of the compound and to ensure no struc-
tural changes during the catalytic and OSC studies at 430 °C. The same procedure was
applied to the nanoparticles after dialysis to ensure comparability for the catalytic investi-
gations.

Figure 3A+B show TEM images of the prepared nanoparticles after an annealing tem-
perature at 550 °C possessing sizes of 61 nm for pure CeO> and 7+2 nm for CZO60 na-
noparticles. SAED (Figure 3C) proves the cubic structure for the CeO; particles. However,
the displayed rings are too broad, owned to the small crystallite size, to detect a shift of the
circles to smaller interatomic distances d indicating the incorporation of smaller Zr*" ions
in the CeOz lattice. The prepared nanoparticle-derived porous structures show a high dis-

tribution of mesopores on the surface of the powder with 12-17 nm in diameter proven by

SEM (Figure 3E). Owned to the roughness and the low conductivity of the CeO-ZrO;
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Figure 7: TEM images of the CeO>-NP (A) and CZO60-NP (B) after annealing the parti-
cles at 550 °C including the SAED investigation of the CeO,- NP (C). Additionally, a
schematic side view (D) and SEM recordings of the nanoparticle-derived mesoporous

CeO; powders after 300 °C in different magnifications (E) are depicted.

powders, visualizing the mesopores of the powders emerged to be quite challenging (see
Figure S2). In addition, the orientation of the powder and the pores complicated the meas-
urement of the pore size to get a representative diameter for the investigated sample. How-
ever, in order to validate the pores in the depth of the synthesized compounds nitrogen
physisorption measurement were carried out (see Figure 4) and compared to the non-tem-
plated nanoparticles. The latter show the presence of pores smaller than 5 nm, which is
assigned to the interparticular gaps between the nanoparticles. The same pore maximum is
also registered for the mesoporous powders. Although H>O was required for the nanopar-
ticles to form a stable dispersion, the template PIBso-b-PEQO4s was solved either in ethanol

or H>O changing the micelle diameter of the ambiphilic polymer and hence, the resulting
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pore size maximum shifts from 8 nm (ethanol/water) to 14 nm (only water) (see Figure
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Figure 8: Nitrogen physisorption isotherms and pore size distribution including the cumu-
lative and differential pore volume of the prepared CeO>-NP in comparison with CeO,-NP-
Meso using different solvents after the decomposition of the polymer at 300 °C (A), using
H>O as the solvent for CeO,, CZ0O80, CZO60 (B) and CZ0O40, CZ0O20 and ZrO, after an

annealing temperature of 550 °C (C).
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4A). Water acts as a swelling agent for the micelles allowing them to enlarge to a certain
degree. Therefore, the synthesis attempts using nanoparticles is further beneficial in com-
parison with the sol-derived porous powders as it enables a precise control of the pore sizes
by simply changing the amount of H>O in the system. As higher mesopores sizes are favor-
able for the upcoming catalytic studies as it reduces possible side effects based on limited
gaseous diffusion, the further study will concentrate on the nanoparticle-derived mesopo-
rous CexZri«x02 (x=0, 0.2, 0.4, 0.6, 0.8 and 1) synthesized by using only H>O as the solvent.
The corresponding nitrogen isotherms are shown in Figure 4B and 4C. While all of the
samples possess the aforementioned two pore maxima, the intensity of the bigger meso-
pores changes significantly. One of the reason could lie in the different sintering process of
the nanoparticles during the annealing step at 550 °C. It was presented before*, that CeO»-
ZrO; particles show a different sintering and growing behavior revealing the smallest par-
ticle sizes for the equivalent mixtures, while the pure oxides possess the highest. This is in
good agreement with our results in which CZO60 show the highest adsorbed volume at a
specific pore size and the pure oxides the lowest resembling a similar volcano plot like the
growth of CeO»-ZrO; particles. Another reason is a possible segregation between templated
and non-templated particles. Thus, the CeO2 and ZrO; samples consists not completely of
particles assembled to around the mesopores but also areas, in which the particles agglom-
erate randomly explaining the smaller cumulative pore volume compared to the one of
CZ060 and the differences in the ratio of pores <5 nm and pores >10 nm (see Figure 4).
As the size of the nanoparticles during the templating process is similar according to the
DLS measurements (see Figure 2), the interaction between the nanoparticles and the di-
block copolymer during the alignment of the particles around the micelles seem decisive
for the formation of the mesostructured. Further studies need to be performed to evaluate

the cause of the pore volume variations.
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Figure 9: SAXS data (A) and chord-length distributions (B) of the water (top) and wa-
ter/ethanol (bottom) treated mesoporous mixed oxides. Structural parameters derived from
the CLDs (C): void size lyoid, wall size lwan (top) and surface area S/m (bottom)

In order to validate the order of the porous structures, the prepared powders annealed at
300 °C and 550 °C were investigated using SAXS. Figure SA shows the normalized SAXS
curves of the nanoparticle-derived mesoporous CeO>-ZrO> oxides. The presence of two
pronounced peaks indicates a highly ordered pore structure. At large s values the data fol-
lows Porods-asymptote (s*), demonstrating an ideal two-phase system with sharp interfaces
on the nanometer scale. The well-established chord length distribution (CLD) method,
which is capable to quantify a two-phase system, was chosen for an in-depth data evalua-

tion. A CLD curve g(r) corresponds to a statistical distribution of distances between phase
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boundaries (oxide - pore). One major benefit of this approach is that no assumptions con-
cerning pore geometries are needed. Further information and detailed evaluations can be
found in references.’’

The CLDs r-g(r) of the nanoparticle-derived mesoporous powders in Figure 5B depict a
strong maximum at 3 nm for both solvents, water (top) and ethanol/water (bottom). In the
case of the only water-treated samples a broader second peak from 7 nm to 20 nm is ob-
servable, whereas for the ethanol-treated samples the second peak is much narrower, ex-
panding from 7 nm to 15 nm. This finding fits very well with the pore size distributions of
the physisorption analysis in Figure 4 and shows the significant influence of the solvent on
the pore structure. The minima, e.g. negative values, in the CLDs corresponds to pore-pore
distances. These distances are lower for the ethanol-treated samples, 15 nm compared to
20 nm.

The void size /oia, wall size /y (Figure 5 C, top) and the surface area S/m (bottom) were
derived following earlier studies.***! The average void size loid is with 5 nm the lowest for
the two pure oxides showing that small micropores are dominant in the pore system. CZO60
shows a nearly doubled size with ~10 nm. The wall size /., e.g. the oxide phase between
two voids, shows an opposite trend. Here, the pure oxides exhibit the largest walls sizes
with 8 nm and CZO60 the smallest with 5 nm.

The surface areas S/m follow the same trend as the BET surfaces. CZ0O40 and CZO60
have the highest surface areas and the pure oxide the lowest. The ethanol-treated samples
show overall higher surface areas due to a higher microporosity and smaller mesopores
compared to the water-treated samples.

Overall, the SAXS analysis shows the significant impact of the solvent and the doping
on the pore structure and oxide phase. This analysis is in good agreement with the results

obtained by physisorption, SEM and — in the following — XRD.
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Next to the morphological studies of the prepared compounds, the crystal structure of the
nanoparticle-derived mesoporous CexZr1xO2 (x=0, 0.2, 0.4, 0.6, 0.8 and 1) were studied
using XRD as well as Raman spectroscopy (see Figure 6). The former reveals the Fm3m
cubic structure for CeO> which signals shifts to higher 20 angles with larger Zr-content
suggesting the formation of solid solutions as the incorporation of smaller Zr*" ions de-
creases the lattice constant of the compound. The resulting shift can be evaluated by Ve-
gard’s law*>* handling the lattice parameter for ZrO, and CeO in a linear approach to
estimate the solid solution’s atomic content, which is in good agreement with the expected
content further verified by XPS and EDS studies (see Figure S8). In addition, the XRD
indicates the present of pure tetragonal ZrO: instead of an often received monoclinic and
tetragonal mixture.3®* The average crystallize sizes calculated using Scherrer’s equation®
show as expected®® the highest values for both the pure oxides, while the nearly 50:50
Ce07-ZrO; mixtures possess the smallest sizes explaining its cumulative pore volume (Fig-
ure 4) and BET surface area (Table 1). These results suggest, in good agreement with the
SAXS data, the pore walls consist of 1-2 particles and/or crystallites. When comparing the
XRD patterns from the nanoparticles with their mesoporous counterpart, they indicate no
significant change. The same applies to the results of the Raman spectroscopy in Figure
6C, which further allows to study the transfer of the cubic into the tetragonal structure.
Figure 6C depicts the cubic crystal structure with the prominent F»g and 2TO band until
CZ020, at which the Raman active A1g, Big and Eg modes become dominant indicating the
tetragonal structure.*®*’” The blue-shift of the F2; band is explained similar to the 20 shift
to higher angles by the incorporation of the smaller Zr** ion in the CeO; lattice and the

resulting decreasing lattice constant.*® Furthermore, the shift indicates that a solid solution
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is formed instead of an undesired byphase. Lastly, the small increase of the 2TO band from
Ce07 to CZ060 is explained by the higher amount of defect sites due to the existing lattice
mismatch between Zr*" and Ce*". The corresponding defect bands vanish slightly until the
tetragonal phase is formed at the CZO20 sample with the dominant Big- and E,- band in a
similar Raman shift range. Both, the XRD and Raman spectroscopy, show no physico-
chemical differences between the nanoparticle and nanoparticle-derived mesoporous struc-
tures.

As the Ce**-concentration is tailored by nanostructuring, XPS investigations (see Figure
S5+86) resulted in a remarkably higher Ce**-content of the nanoparticle-derived mesopo-
rous structure than for the nanoparticle itself (see Table 1). These were calculated by using
the Ce3d line***°, while distinguishing between the contribution of CeO; and its reduced
form Ce>Os3 using linear combinations of reference spectra of pure CeO; and CeO3 ob-
tained for ultra-thin films on Ru(0001) single crystals.>! One of the reasons might be the

higher surface area of the structure in which the nanoparticles are connected in a controlled
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Figure 10: (A) XRD of the CZO nanoparticles (bright) and nanoparticle-derived mesopo-
rous powders as well as the crystallize sizes using the Scherrer equation (B). (C) Raman

spectra of the CZO-NP-Meso structures with the assigned bands.

-94 -



3.2 Connectivity Matters: Comparison of Nanoparticle vs. Nanoparticle-Derived Mesoporous Ceria-Zirconia Structures in the HCl Oxidation Reaction

way leading to a higher excess of accessible surface enriched with Ce**.32%* Another ex-
planation could be the higher stress and strain in the CeO; particles forced into the meso-
porous structure than for the sole particles. The impact of strain on CeO; ultrathin films
were investigated by Gopal et al. connecting the non-stochiometry and hence, the amount
of defects and concentration of Ce*" ions with the uniaxial strain.* As the Ce**/Ce*'-ration
in every composition of the nanoparticle-derived mesoporous powders is always signifi-
cantly improved, this increase has to be related to the formation of the porous structure and

need to be address in more detail in a future study.

Table 1: Summary of performed on the morphological and structural analyses on the na-

noparticle and nanoparticle-derived mesoporous CexZrixO2 compounds.

CeO; CZ0O80 CZO60 CZ0O40 CZ020 7ZrO;
XPS NP 9 13 15 18 17 0
Ce’t
NP- 27 25 24 23 31 0
/ % Meso
BET sur- NP 80 120 120 120 90 70
face area
NP-
/m? g Meso 90 150 180 160 140 100

Oxygen storage capacity

When using CeO> materials in catalytic oxidation processes, the activity is often compared
to the OSC. Here, we differentiate between the total (OSCc) and the dynamic oxygen sto-
rage capacity (OSC), which are both measured at 430 °C using CO as the reductant and
oxygen as the oxidizing agents. The chosen operational temperature is the same tempera-

ture, at which the HCI oxidation is performed. The OSCc is obtained by pulsing CO pulses
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Figure 11: Comparison of the total (top) and dynamic oxygen storage capacity (bottom)

of the CZO nanoparticles (red) and the mesoporous structures made of nanoparticles

(green) in dependence of the Zr-content.

to the CeO» catalyst until the sample is reduced completely and then reoxidized entirely by
using Oz-pulses. By using the same setup, the sample is also partially reduced and oxidized
again by pulsing CO and O» alternatingly, which is referred as dynamic oxygen storage
capacity (OSC). The OSC may have more relevance in the catalytic reaction as the sample
never reaches a complete reduced state at the given temperature. Both, the measured OSCc
and OSC values, are shown in Figure 7 for the nanoparticles as well as the nanoparticle-

derived mesoporous powders dependent on the composition.

On the one hand, the obtained data proves a well-known relation: The OSCc increases with
doping Zr-ions in the ceria lattice. The maximum value in this study is determined for the
CZ060 composition, which is in good agreement with the observed OSC data in some

publication demonstrating this mixture to possess the highest total OSC.%3-°% In other cases,
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the highest OSC was calculated at CZO80.%° The differences may derive from different
setups and operational conditions. Compared to our previous study*’, the variance derives
from the different existing crystal structure at the same Ce/Zr-ratio. In our case, we still
have the cubic phase dominant, while it was a transformation to the tetragonal phase in Yu

1.30

et al.>” which is most likely related to the different size of the obtained particles and a

consequence of the nanostructuring.

On the other hand, the OSCc results reveal that the nanoparticle-derived structures have
remarkably higher OSCc values than the nanoparticles, despite their similarities in crystal-
lize and particle size. These higher OSCc values corresponds well to the elevated BET
surface area for the nanoparticle-derived mesoporous system. The OSCc considers the
surface oxygen and the mobile oxygen species from the bulk at the given temperature of
430 °C but does not reduce the bulk completely. The bulk reduction begins at temperatures
above 700 °C proven by temperature programmed reduction (TPR) investigations®®, which
can be decreased by among others the addition of rare earth metal ions or zirconium ions
in the ceria lattice.®' In our study, the amount of available surface oxygen is raised for the

mesostructured samples and hence, results in an increased OSCc value per gram catalyst.

In the case of the dynamic OSC, the most active surface oxygen is determined. By applying
low total flow rates (here: 20 sccm), the interaction of the gaseous reactants with the cata-
lyst surface is controlled by the diffusion process to the actives sites for the material. Thus,
the dynamic OSC value corresponds to the accessibility of the oxygen vacancies and the
surface oxygen, respectively. As shown in Figure 7, the nanoparticle-derived mesoporous
Ce07-ZrO; powders possess improved OSC values. During the alternating short CO and

O2 pulses, a larger area of the catalyst is reduced and reoxidized than for the nanoparticles.
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This indicates further that the connectivity of the particles within the pore walls of the me-

sostructured sample benefits its storage capacities.

HCI Oxidation

As the connectivity plays already an important role for the OSC and these values for CeO»-
ZrO; structures show a relation to its catalytic properties®®, we carried out HCI oxidation
experiments under harsh conditions in order to focus on the performance of the synthesized
compounds with the best performance in the OSC measurements (CZ0O60) as well as pure
CeO; as reference. In both cases, the nanoparticles and nanoparticle-derived mesoporous
powders equivalent were chosen. The catalytic studies are shown in Figure 8A and were
performed under low total flow rates to ensure a diffusion controlled process. In this way,
the accessibility of the catalytically active surface is decisive for the specific chlorine pro-

duction rate per gram catalyst (space-time yield [STY]).

At first sight, both the NP-Meso samples have a higher STY in comparison with the cor-
responding nanoparticles. In good agreement with the OSC results, the enhanced accessi-
bility for the gaseous reactants due to the mesoporous structure is decisive for the produc-
tion of chlorine over time. When comparing the catalytic performance of the pure CeO
samples with similar surface areas of 80 m? g! for the non-templated and 90 m? g'! for the
mesostructured nanoparticles, the STY of CeO>-NP-Meso is doubled after 24 hours in com-

parison with the sole nanoparticles.

In addition, we can conclude a positive effect of the Zr-doping on its catalytic properties as
the CZO60 samples experiences higher STY values than their counterpart. In agreement

with the dynamic OSC values, the high accessibility of the most readily available oxygen
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species combined with the improved reducibility due the incorporation of Zr in the CeO»

lattice, lead to the highest STY values in our study.
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In the case of the nanoparticles, the pure CeO> sample even show a drastic decline of the
STY after 6 hours, while the others samples display a less strongly decrease slope. The
formation of CeCls - H20 for the CeO: nanoparticles determined by XRD measurements
after the HCI oxidation (see Figure 8B) indicates the formation of CeCls, which is irrever-
sible at the operational conditions of the HCI oxidation and leads to the decay in chlorine
production. The randomly agglomerated nanoparticles favor the formation of undesired
CeCls, clogging the interparticular gaps (see Figure S7) and lead to the decreased STY.
Even after the agglomerates are made inactive for the catalytic conversion of HCI to Cla,
other parts of the CeO», which are still accessible for the gaseous reactants are continuing
the production of Cl>.The proposed explanation of decay process is quite difficult to inves-
tigate systematically, as the nanoparticles align themselves randomly in the catalyst bed
and post-catalytic characterization method such as TEM only reveal chosen parts of the
nanoparticles. The XRD studies reveal though, that alongside chlorinated species still a
large amount of cubic CeOs is present. Contrary to the sole nanoparticles, the induced me-
sostructure allows to neglect the random agglomeration of the particles and ensures equal

conditions for all the present nanoparticles in the pore walls.

While the XRD studies provide insight of the crystal structure changes of the system, the
nanoparticle-derived mesoporous CeO> and CZO60 powders were further investigated by
nitrogen physisorption (see Figure 8C + Figure S7). Both samples show reduced pore vo-
lume after the Deacon process and the BET surface area shrinks from 90 to 40 m? g! for
the CeO2 NP-Meso and from 180 to 150 m? g'! for the CZO60 NP-Meso sample. However,
in both cases, there is still a large number of the former pores left between 12-17 nm as
seen in SEM recordings (see Figure S9). A difference can be observed in the range of the
small pores below 5 nm which are not considered in detail by the applied NLDFT model

for determining the pore size distribution. In the case of the CeO> samples, these small
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pores assigned to the interparticular gaps observed in the fresh samples seem to vanish
indicating the sintering process based on the formation of CeCls in the near-surface region.
This phenomenon is a good agreement with the CeO> nanoparticles, but is not witnessed
for the CZO60-NP-Meso sample, which is accredited to the higher stability of Zr-doped
CeO» materials preventing in-depth chlorination.'*!” This was verified in this study, for
both the nanoparticle and the nanoparticle-derived mesoporous powders as the CZO60-NP

show a higher long-term stability in the Deacon process compared to the CeO>-NP.

In previous studies'®>?

, we demonstrated that pure CeO; nanoparticles are rendered quite
stable even under the harsh conditions of the HCI oxidation. We also showed that the in-
corporation of these nanoparticles in a nanostructure such as nanofibers is favorable in
terms of its catalytic properties. While the nanofibers consisted of several particles in dia-
meter, the mesoporous structure is composed of 1-2 particles according to the Scherrer
crystallite size and the observed particle size based on TEM images of the nanoparticles
(see Figure 3A+B). Taking these findings into account, the improvement of the catalytic
properties in the Deacon process of nanoparticle-derived systems may be explained by the
enhanced accessibility of and facilitated diffusion to the surface sites of the NP-Meso com-
pared to the NP. In addition, the amount of ceria in the pore wall with its particles is too
low in order to fully transfer from the active CeO> to the deactivated CeCls. The chlorina-
tion near the surface is performed decreasing the interstitial porosity of the particles as
observed in the nitrogen physisorption measurements (Figure 8A), but only remains near-
surface. Due to the low pore wall thickness and the number of particles per wall, small
diffusion path exists, which allows to access the interior of the pore wall as well as the

particles and to recover the oxide easily: every particle has the same condition to participate

in the catalytic reaction and randomly agglomerated particles with non-accessible material
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do not exist. The incorporation of Zr enhances withstanding the chlorination process®? by
containing a higher reducibility and better accessible oxygen vacancies than pure CeO:
with CZO60-NP-Meso possessing the smallest pore walls according to the SAXS results

(see Figure 5).
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Conclusions

In this study, we demonstrated a suitable preparation method of mesoporous CexZri«xO>
powders using the corresponding nanoparticles sols as precursors. These solid solutions
were investigated widely using XRD and Raman for validating the crystal structure as well
as SEM, TEM, SAXS and nitrogen physisorption for characterizing the existing cubic pore
structure of 12-17 nm mesopores. The mesoporous powders and the corresponding sole
nanoparticles — annealed and characterized under the same operational parameters — were
tested in two model reactions, namely OSC and HCl oxidation, to evaluate the nanoscopic
connectivity between the particles and the accessibility of the samples with gaseous reac-
tants.

Total and dynamic OSC measurements showed a maximum for the CZO60 sample but
more importantly, also remarkably higher dynamic OSC values for the nanoparticle-de-
rived structures in comparison with the non-templated particles. As the OSC(c) is often
handled as descriptor for ceria materials regarding its catalytic properties, the relationship
was verified with our findings of their performance in the Deacon process. The nanoparti-
cle-derived mesoporous structure achieved an increased STY, while also revealing an im-
proved catalytic stability against the chlorination process during the catalytic conversion of
HCl to Cl». Based on our findings, we conclude that for future studies not only the size and
composition of the particles need to be accounted, but also the connectivity of the catalyti-
cally active CeOz particles. This proposed relation needs to be addressed further by creating
CeO; porous model systems with different pore wall thicknesses and particle sizes in order

to find its best combination for a nanostructured catalyst in the HCI oxidation.
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ABSTRACT: A strategy is presented to deposit defined layers of TiO, ponm SEM
onto the pore surface within ordered mesoporous, crystalline CeO,-ZrQ,  Mesoperousthinfim
thin films using atomic layer deposition (ALD). As structure-directing /. 5
agent, a special diblock copolymer, poly(isobutylene)-block-poly- =
(ethylene oxide), was used, resulting in a three-dimensional arrangement
of spherical pores with diameter around 13 nm. High resolution b
o q q e o 9521050, (CZO)
transmission electron microscopy investigations evidence the presence of A

anatase TiO, coatings within the mesopores, while ellipsometric
porosimetry studies together with time-of-flight secondary-ion mass
spectrometry depth profiles indicate the deposition inside the mesopores
up to S0 ALD cycles. Afterward, the interconnecting channels between
the mesopores are filled completely prohibiting further transport of the
gaseous TiO, precursor into the ordered structure of mesopores and
hence, limit the layer growth on the surfaces of the pores. Therefore, the size of the mesopores and their connections are
decisive when growing transition-metal oxide layers on the surface of porous substrates and need to be considered for future
depositions using ALD. The hybrid TiO,/CeQO,-ZrO, materials are studied by several complementary analytical techniques, to
validate the deposition process and also the applicability of these techniques for such materials in general.

2nm

Bl INTRODUCTION

Recent advances in the preparation of nanostructured materials
revealed particular interests in metal/oxide and oxide/oxide
nanostructures. Merging the unique characteristics of two
materials into one system can be favorable, especially for metal
oxides. The combination of two different metal oxides can
enhance the overall material properties, for instance, in gas
sensing, electrochemical energy storage, medical treatment,
and (photo/electro) catalysis'~ due to synergetic effects. Such
effects are related to the interface between the two materials
affecting the formation of oxygen vacancies, stabilizing desired
ion species, or, in general, enhancing the catalytic activity and
stability.'*~"” In addition, by tailoring the layer thickness of the
active metal oxide species, the properties of thin layers of the

ance."” Dumesic and co-workers deposited Nb,Oj layers into
the pores of mesoporous silica (SBA-15) and studied this
hybrid catalyst in the gas-phase dehydration of 2-propanol
confirming the superiority of their catalyst in activity and
stability compared to commercial Nb,Os.”” By changing the
thickness of the y-Fe,O; shell layers on a Fe;O, core, the
magnetic properties depending on the temperature were
modified for its usage in magnetic hyperthermia treatments.”'
Artiglia et al. demonstrated the preparation of CeO,/TiO,
core/shell structure stabilizing the Ce** species on the TiO,
surface.'” In that study, by changing the thickness of the
coating layer with a wet impregnation method, the ratio of
Ce*/Ce* was tailored. However, this kind of deposition
method is difficult to control and does not provide a

oxide(s) may differ from the bulk counterpart. Core—shell
nanostructures are one important example using the benefits of
two metal oxides by maximizing the interfacial surface area
between the core and shell metal oxides. For instance, a ZnO
shell on SnO, nanorods enhances the selectivity in H, gas
sensing.'® Single-crystalline ZnO nanorods covered with a
porous MnO, shell possess improved supercapacitor perform-

<7 ACS Publications  © 2019 American Chemical Society

homogeneous and conformal coating of the core material,
because the nanoparticles are attached to each other in an
uncontrollable fashion and also might move during deposition,
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resulting in an inhomogeneous coating with the second metal
oxide. By contrast, in mesoporous thin films, the crystalline
metal oxide structure is stabilized and completely accessible.
The impregnation of a continuous mesoporous metal oxide
framework is therefore fundamentally more suitable in
comparison to corresponding nanoparticles.

Besides the usage of imspregnation methods such as co-
condensation,”” grafting,z‘ 24 and wet irﬂpregnativ.)n,z’c"26
atomic layer deposition (ALD) is a promising alternative for
the deposition of defined layers with nanometer-sized
thickness. While physical and chemical vapor deposition
techniques are able to deposit a variety of metal oxides on
planar substrates, ALD allows the coating of conformal layers
even on complex substrate morphologies by separating the
gas—solid reactions with gur§ing steps and therefore building
up the film layer by layer.”” ™" This self-limiting nature of the
ALD enables the atomic-level control of the formed layer in
the interior of a nanopore according to the desired
physicochemical effects.

While the deposition in porous structures with pore sizes
above 50 nm is easily confirmed by using electron microscopy
techniques, the difficulty of validating thin conformal coatings
arises with decreasing pore sizes. In the last years, various
complex porous substrates such as SBA-15,> aluminum oxide
membranes,>™>* carbon,®® and zeolites®® were coated with
active species using ALD to study the effect of the deposition
layers on the specific material properties. Kraffert et al
demonstrate the shift of the crystallization temperature of
ferrihydrite films to higher temperatures using coatings of
alumina and silica on the mesopore surface.”” Detavernier et al.
presented the possibilities to prove the conformal coating of
mesoporous thin films with pore size less than 10 nm in a
tutorial review.’® They presented in situ X-ray fluorescence and
ellipsometric porosimetry (EP) investigations not only on the
validation of the deposition in the interior pore layers, but also
on the formation of metal oxide layers on top of the substrate.
In continuous studies, Detavernier’s group used the in situ EP
technique to investigate the ALD growth of TiO, in
mesoporous silica films and HfO, in TiO, films with ink-
bottle mesopores.*”** The latter revealed that the limit of
tuning the pore size in these mesoporous materials is
determined by the diameter of the smallest pores connecting
the bigger pore layers and hence, literally being the
“bottleneck” of the ALD. This was additionally proven by
the same group using in situ synchrotron-based grazing-
incidence small-angle X-ray scattering (SAXS) on Pluronic
F127-templated titania thin films.*!

However, the mesoporous thin films templated by the block
copolymer Pluronic F127 only yielded a nonordered structure
of mesopores with small pore sizes below 8 nm and connecting
channels of nonuniform sizes and shapes. Hence, transition-
metal oxides with well-ordered mesopore arrangements as well
as larger mesopore diameters (i.e., >10 nm) are desirable, to
study size effects of crystalline metal oxide coating layers on
the pore surface. Consequently, with defined pore shape,
connection, and size, the details of the ALD-based deposition
can be studied more accurately and systematically than for
nonordered porous films because changes in the pore size and
accessibility can be detected and quantified more reliably and
can thus be related to deposition parameters. By using specific
block copolymers, our group has achieved mesoporous
structures with pore sizes between 12 and 25 nm forming a
three-dimensional (3D) network of spherical mesopores

connected by smaller channels.”' ™ The cubic ordered
structures with pore sizes around 14 nm were synthesized
using the diblock copolymer poly(isobutylene)-block-poly-
(ethylene) oxide referred to as PIBgy-b-PEO,;. The template
was already used to prepare various metal oxides, e.g,
TiO,, " indium tin oxide,” ALO;* and CeZr,_,0,"
which showed a favorable ordered structure in its 1:1 mixture
CegsZry5s0, (CZO), making it a good model system to study
the incorporation of TiO, into the mesoporous structure using
ALD. Furthermore, we have chosen CZO and TiO, as model
case, as TiO,/CeO, material systems have been proven to be
promising catalysts for various reactions, for instance, in the
selective catalytic oxidation of NH; to N,*’ and catalytic
reduction of NH; to NO™ (SCR). Spectroscopic studies of the
interfacial sites of these binary oxides were investigated by
Fang et al,* revealing an enrichment of anatase on the
interfacial sites as the Ti*" substitutes Ce*" in the cubic CeO,
lattice. Huang et al*® successfully prepared CeO,@TiO,
core—shell nanostructures with an enhanced catalytic activity,
stability, and superior tolerance against SO, and H,O for low-
temperature SCR of NO, using NH;. The reason for selecting
TiO,/CeO, is ascribed to the high mobility of lattice oxygen
inside the catalyst and thus the increased oxygen storage
capacity, which can be further raised by incorporating
zirconium jons in the ceria lattice.’' Since the CZO-TiO,
interface thus endows these two oxides with beneficial
properties, we chose mesoporous CZO thin films as substrate
with defined layers of TiO,, which are deposited using ALD.
Taking TiO, as the oxide to be deposited by ALD is favorable,
as its growth using TiCl, and H,O is widely studied®”™* and
shows sufficiently different properties compared to the CZO
mesoporous film, allowing for its detection within the final
hybrid films.

As the main goal, in this work, ordered mesoporous CZO
thin films are prepared and infiltrated with TiO, using the ALD
technique, to study the incorporation process inside the
mesopores (see Figure 1). The study also addresses the

Mesoporous thin film

/

Si[110] substrate

CeysZry 50, (CZ0)

1
1
1
1
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Figure 1. Schematic overview of the strategy for studying the atomic
layer deposition (ALD) of thin layers of TiO, in the mesoporous
matrix of CeysZry O, thin films with pore sizes of 13 nm verified by
top-view scanning electron microscopy (SEM) recordings. In
addition, pure silicon [110] substrates were coated with TiO, to
verify the growth rate.

question whether the bigger, spherical mesopores (ca. 15-20
nm in diameter) can be impregnated, even though the smaller
channels between the spherical mesopores may limit the
amount of deposited oxide on the pore surface. The films are
analyzed by several state-of-the-art methods, using scanning
electron microscopy (SEM) and high-resolution (scanning)

DOI: 10.1021/acs.jpcc.9b02069
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transmission electron microscopy (HR(S)TEM) to visualize
the mesoporous structure, while laser ellipsometry, X-ray
reflectometry (XRR), and time-of-flight secondary-ion (SI)
mass spectrometry (ToF-SIMS) investigations give informa-
tion about the TiO, content inside the porous network.
Finally, X-ray diffraction (XRD), selected area electron
diffraction (SAED), and the evaluation of the atomic planes
in the HRTEM images are used to determine the crystal
structure. Ellipsometric porosimetry was used to study the
filling of mesopores upon consecutive ALD within the
mesoporous films. This study is thus intended to demonstrate
if and how typical laboratory characterization techniques can
be used ex situ to study and validate the ALD within the
interior pore structure, providing a guide to ALD-based growth
of different transition-metal oxides on crystalline mesoporous
substrates in general. In particular, special emphasis is put on
validating the analysis of the growth/deposition of TiO, by
using complementary techniques, each of them providing a
different type of information. Furthermore, in the future, the
presented mesoporous systems will allow investigating the
influence of the ALD layer thickness on the physicochemical
and catalytic properties, such as the catalytic performance in
the SCR of NO, using NH;.

Bl EXPERIMENTAL SECTION

Preparation of the Mesoporous Thin Films. The
fabrication of mesoporous CZO thin films*® using an
evaporation-induced self-assembly (EISA) approach was
based on a precursor solution, CeCly:7H,0/ZrOCl,#8H,0/
PIB,;-b-PEQ,/H,0/2-methoxy-ethanol/ethanol, mole ratio
0.5:0.5:0.005:18:10:35. PIBsy-b-PEQ,s (50 mg; BASF, Ludwig-
shafen, Germany) was added to 1 mL of ethanol (99.8%,
Merck), while 110 mg of CeCl;07H,0 (98%, Sigma-Aldrich)
and 92 mg of ZrOCLe8H,0 (99.9%, Alfa Aesar) were
dissolved in 0.5 mL of ethanol and 0.5 mL of 2-methoxy-
ethanol (99%, Alfa Aesar) in both cases at room temperature.
Both mixtures were treated in an ultrasonic bath for 30 min at
35 °C and 80 kHz. The solutions were cooled down to room
temperature and mixed together. After 5 min stirring, 0.1 mL
of distilled H,O was added to the solution to start the
hydrolysis process.

After a stirring time of 90 min, the solution was freed from
agglomerates using 0.2 ym syringe filters. A small amount (100
puL) of this solution was taken and deposited on a partially
oxidized 2 in. Si[110] wafer rotating at 1000 rpm for 60 s using
a spin Coater Kit SCK-200P from Instras Scientific. The
relative humidity inside the chamber was kept constant at 20%,
utilizing a custom-made glass enclosure. The films were treated
at such low relative humidity for additional 3 min and then
transferred to a preheated furnace at 130 °C to force the
solvent to evaporate. Afterward, the films were aged at 300°C
in air for 12 h to remove the structure-directing agent. In the
final step, the coated substrates were annealed to 600 °C in air
to obtain crystalline CZO thin films and cut into 1 X 1 cm®
pieces for the ALD procedure.

ALD. Si[110] wafers and the mesoporous CZO thin films
were coated with TiO, using a PicoSun R200 ALD reactor.
The deposition was performed using a reactor temperature of
200 °C with an intermediate space flow between the reactor
and the vacuum pump of 150 sccm nitrogen, while 80 sccm
nitrogen was carried through the precursor lines. A typical
ALD cycle consisted of a 0.1 s TiCl, pulse followed by a 35 s
purging step with nitrogen. Afterward, H,O was pulsed for 0.1

s into the reaction chamber. A last purging step of 35 s using
nitrogen completed the cycle (see Figure 2). To achieve a

OOOO
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Figure 2. Schematic overview of the ALD process for preparing thin
films of TiO,. The precursors are TiCl, and H,O, while nitrogen was

used as the inert gas.

higher dwell time of the precursor in the reaction chamber
allowing the precursor to reach every pore in the complex
oxide, the PICOFLOW diffusion enhancer was applied. Within
1.5 s, the flow rate of the carrier gas was throttled to 40 sccm
and the valve at the end of the reaction chamber was closed.
After 1.3 s, the precursor pulse of 0.1 s was initiated. In the
next 30 s, the gaseous precursors are able to chemisorb on the
substrate surface and the nonadsorbed precursor and possible
byproducts were flushed out of the chamber. The thin films
were coated using 0, S, 10, 25, 50, 100, 150, and 200 cycles,
which are labeled as Oc, Sc, ..., 200c in the following work.
Characterization of the Coated and Noncoated
Mesoporous Thin Films. Scanning electron microscopy
(SEM) images were recorded using the model Merlin by Zeiss
with an acceleration voltage of 2 keV and a current of 50 pA.
To increase the conductivity of the samples, the films were
sputtered with platinum for 10 s with an applied current of 40
mA. The acquired mesopores were sized by using the program
Fiji.app. For every determined pore size, the diameters of 100
mesopores were measured. The crystalline phases of the thin
films were studied by grazing-incidence X-ray diffraction (GI-
XRD) acquired from a PANalytical X'Pert® MRD diffrac-
tometer. An incidence angle of @ = 0.25° was set at which the
samples were scanned in the 26 range of 20—70° with a scan
speed of 0.6° min™' and a step size of 0.01° using 26 mode.
The crystallite sizes were calculated applying the Scherrer
equation® on the wide-angle reflections. The X-ray reflectivity
measurements were performed on a PANalytical X’Per* MRD
diffractometer. Here, the films were investigated using 20/
mode in the incident angle scan range of 0.1—2°. The data
analysis was performed utilizing the corresponding software
X'Pert Reflectivity. All of the X-ray experiments were done
using Cu Ka radiation. The thicknesses of the films were
determined using a SE400adv laser ellipsometry by Sentech,
which is equipped with a HeNe laser (633 nm). The samples
were measured at the specific angle of 70° assuming a two-
model system consisting of the CZO film and the Si[110]
substrate. For the time-of-flight secondary-ion mass spectrom-
etry (ToF-SIMS), a ToF-SIMS 5-100 model by IonTOF
GmbH was used with an acceleration voltage of 25 keV for the
Bi(I) primary-ion source. The depth profiles were recorded
using Cs ions at 500 eV and a current of 50 nA. Only 50 X 50

DOI: 10.1021/acs.jpcc.9b02069
J. Phys. Chem. C 2019, 123, 1285112861

-117 -



CeOz-basierte Nanostrukturen als Modellkatalysatoren fiir die HCI-Oxidation

The Journal of Physical Chemistry C

pum? of the generated 100 X 100 um? crater was analyzed with
a resolution of 256 X 256 pixels’. The measurements were
carried out under charged compensation.

TEM samples were prepared by conventional mechanical
grinding followed by argon ion milling until electron
transparency in a GATAN precision ion polishing system.
The STEM measurements were carried out in a CS-corrected
JEOL JEM 2200FS operating at 200 kV. The high-angle
annular dark-field signal was utilized for the imaging. This
signal provides z-contrast, which allows to differentiate
between the different materials in the samples.*®

For the ellipsometric porosimetry, the refractive index as
well as the thickness of films were measured using a variable-
angle spectroscopic ellipsometer (VASE) M2000DI from
Woollam. The data were recorded with an incident angle of
70° and the thickness and refractive index were obtained at
700 nm by using a Cauchy model®” for fitting ellipsometric
data between 450 and 1000 nm wavelengths. The films were
exposed to different relative pressures of ethanol achieved by
mixing ethanol and dry air in different ratios using two mass
flow controllers. While increasing the relative pressure of
ethanol from 0 to 100% in 20 min, the isotherm points were
recorded every 20 s. The calculation of the pore volume was
then determined by a previously reported procedure.ss

Bl RESULTS AND DISCUSSION

The mesoporous CZO thin films acting as the model system
for the atomic layer deposition were prepared using solutions
of the corresponding metal salts (CeCl;-7H,0 and
ZrOCl,#8H,0) and the structure-directing block copolymer
PIB;,-b-PEO,;. i

In this so-called EISA approach,”” the inorganic precursor
and the organic template were put together in a mixture of
ethanol and 2-methoxy-ethanol. Via spin coating, the solution
was deposited on a partially oxidized Si[110] substrate to
produce thin films with initial thicknesses of around 100 nm. A
following annealing step decomposed the polymeric template
and induced the crystallization eventuating in the desired
mesoporous CZO thin film with a cubic arrangement of the
mesopores, which was proven by SAXS measurements and
SEM recordings in previous works.***" The obtained
mesoporous structure depends on the used block copolymer.
In this work, 14 nm mesopores were obtained, which is
common for PIBgy-b-PEO,s.****** Furthermore, interconnect-
ing channels between two mesopore layers perpendicular to
the substrate are present (see the SEM image in Figure 1)
allowing a gaseous precursor used in the ALD to reach the
entire surface of the mesopore network.

To calculate the growth rate of TiO,, Si[110] wafers were
coated with TiO, by ALD using the same deposition
parameters as using the mesoporous samples. The growth
rate of TiO, can be determined using laser ellipsometry by
measuring the thickness after different numbers of applied
ALD cycles (Figure 3). However, as the thicknesses after S, 10,
25, and 50 cycles are below the detection limit of the
ellipsometric analyses, only 100, 150, and 200 cycles are taken
into account for the calculation of growth rate. The resulting
growth rate for TiO, using the diffusion-enhancer function of
our ALD setup is 0.067 nm per cycle, ie, it is linear. However,
the deposition rate for low number of cycles was reported to
follow a nonlinear trend.®" In the beginning, the deposition is
supposed to be aggravated, as the precursor has to attach to the
hydroxyl group on the surface of the silicon substrate, while
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Figure 3. Thickness of the TiO,-deposited Si[110] substrates
depending on the number of ALD cycles. The dashed line illustrates
the assumption concerning the growth rate. Additionally, the obtained
thickness after 150 cycles with (black) and without using the
diffusion-enhancer function (red) is shown.

after one complete cycle, the precursor reacts with Ti—OH
groups. This assumption is, of course, only the case under the
supposition that TiCl, chemisorbs on the substrate surface as a
perfect monolayer entirely. The diffusion-enhancer function
increases the dwell time of the titanium precursor TiCl, and
H,0 in the ALD reactor and, hence, the contact with the
substrates. It allows the precursor to chemisorb on more active
spots than without using the function and therefore covering
more area of the substrate and leading to a higher surface
saturation per cycle. Hence, the growth rate is increased.
Especially with complex substrates like mesoporous thin films,
this higher resting time facilitates the diffusion in the porous
network and allows coating even the lowermost pore layer.
However, when transferring the growth rate obtained by
coating the Si wafers to the deposition on mesoporous thin
films, one has to take into account that a different roughness of
the substrate influences the growth rate as shown by Langner
et al.”?

Using different numbers of ALD cycles, TiO, was then
deposited on the mesoporous CZO thin films. The changes of
thickness and refractive indices depending on the number of
ALD cycles were investigated using laser ellipsometry (see
Figure 4). While the thickness of the CZO films after 5 and 10
cycles remains constant at 92 nm, the refractive index of these
films increases. After 25 cycles, the film slightly raises in
thickness and refractive index, which is continued even for 50
cycles. For 100, 150, and 200 cycles, the thickness increases
faster eventuating in a 13 nm coating on top of the
mesoporous film. Although a direct differentiation of the
original film and the added layer is not possible, the results
indicate a TiO, layer forming especially with higher cycle
counts. Moreover, the alteration of the refractive index
depending on the cycle number shows a saturation, and no
significant change of the refractive index is observed after 50
cycles. Even with a growing TiO, layer on top, the refractive
index remains constant. The resulting refractive index of
around 2.14 between 50 and 200 cycles is still lower than the
one of dense CZO® and anatase determined by the
ellipsometric studies of the coated silicon substrates suggesting
a mixture of CZO and TiO, for the measured films. The rising
refractive index for the films after 5, 10, and 25 cycles reveals a
possible deposition in the mesopores, as no significant
thickness rise was detected. A decrease in the pore size and
therefore in porosity due to TiO, attaching to the pore surface
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Figure 4. Thickness (top) and refractive index (bottom) of the
mesoporous CZO film before and after applying a certain number of
ALD cycles, determined by laser ellipsometry performed using 4 =
633 nm. The difference in size between the sample before and after
the deposition via ALD is also displayed as well as the refractive index
of anatase (blue), dense (solid line), and mesoporous (dashed line)
CZO (orange). The former is based on ellipsometric studies of the
deposited TiO, film on Si[110] substrates.

raises the refractive index above the initial index of refraction of
the mesoporous CZO films.

To prove the existence of TiO, inside the mesopores, depth
profile analyses of the films using ToF-SIMS were carried out.
Secondary ions like CeO~, ZrO™, TiO™, as well as Si™ anions
were detected and help to clarify the location of these species
inside the film. By using Cs ions as the sputter source, the film
was skimmed and the subjacent layer was analyzed concerning
these ions. Following this procedure, depth profiles were
recorded and are shown exemplarily in Figure S for the films
after 5, 25, and 150 cycles. Additionally, the untreated CZO

film was sputtered as long as the silicon was reached. An
investigation by a surface profilometer revealed a thickness of
92 nm, which is in good agreement with the results of the
ellipsometric studies. As seen in Figure 5, the signals of CeO~
and ZrO~ proceed parallel to each other, indicating the equal
distribution of these species in the film. The different intensity
derives from the ion-specific ionization energy of the analyzed
anions. The homogeneity of the TiO, species inside the film is
proven by considering the TiO™ count slope, which is also
parallel with the CZO species CeO™ and ZrO~ slope.
Moreover, all of the three secondary ions decrease equally
when reaching the silicon substrate pointed out by the Si~
signal. With higher number of ALD cycles, the TiO™ counts
increase, revealing a higher amount of Ti in the film. It is also
observed that after 150 cycles, there is a thin layer of TiO,
present on top of the CZO film, which is in good agreement
with the laser ellipsometric studies. Furthermore, the depth
profiles show that the ablation rate differs by ionic species.
While the film after five ALD cycles needs only 120 s of sputter
time to be completely removed, the sample after 150 cycles
requires already 230 s. As all samples were analyzed using the
same instrumental parameters, a semiquantitative analysis of
the TiO, content is possible. Hence, the signal ratio of TiO™ to
ZrO~ depending on the number of ALD cycles is in relation to
the TiO, amount in the film and was calculated after a sputter
time of 50 s for every sample (Figure 5). Here, the saturation
curve for the TiO™/ZrO™ ratio is similar to the dependence of
the refractive index as a function of the number of ALD cycles.
While the TiO, content raises within the first 50 cycles inside
the mesoporous films, it remains nearly constant within the
films for the following cycles. This finding indicates that the
mesopores seem to be either completely filled or coated in a
way that diffusion to lower pore layers is impossible.
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Figure 5. ToF-SIMS depth profiles of the mesoporous CZO film after 5, 25, and 150 ALD cycles. Next to the ions derived from the thin film
(TiO™, ZrO~, and CeO"), the signal from the utilized silicon substrate (Si~) is depicted by plotting the secondary-ion (SI) counts logarithmic
dependent on the sputter time. In addition, the signal ratio of TiO™ to ZrO™ at 50 s of sputtering in relation to the ALD cycles is shown.
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Further deposition cycles at the given ALD conditions only
add TiO, layers on the top of the film, implied by the TiO~
signal maximum before reaching the mesoporous CZO
network for the film after 150 cycles. As after every sputter
step an area of 50 X S0 um?® was investigated, 3D topographical
images were calculated as shown in Figure 6 for the uncoated

25c 4 50c
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M| TiO
CeO-
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Figure 6. Three-dimensional (3D) topographic images based on the
ToF-SIMS depth profiles for the untreated mesoporous CZO films, as
well as after 25, 50, and 200 ALD cycles. The z axis corresponds to
the sputter time.

CZO film, as well as after 25, 50, and 200 cycles of the atomic
layer deposition. Here, the layer on top of the CZO film is
even more evident, while the content of TiO, inside the film
stays nearly constant between the samples after 50 and 200
ALD cycles. This observation indicates again that the pores in
the sublayers are not accessed by the gaseous ALD precursors
and only a top layer on the CZO is growing, which differs
slightly from the obtained thickness on silicon substrates. The
disparity occurs as the mesoporous CZO and Si substrates are
quite different concerning their roughness, material properties,
as well as the specific surface area. The latter gives diffusion
processes a higher impact on the growth rate.

To verify the pore arrangement and the TiO, deposition on
the topmost pore layer, the films were analyzed using SEM
(see Figure 7). The uncoated sample reveals an ordered array

pore-to-pore distance / nm

0 50 100 150 200
number of ALD cycles

Figure 7. Pore size (black circles) and pore-to-pore distances (orange
rectangles) based on the SEM images for the uncoated and coated
mesoporous CZO using different numbers of ALD cycles.

of mesopores with ca. 14 nm diameter (top view), which
shrink with increasing number of ALD cycles. As the same
procedure for a Pt overcoat was used to increase the
conductivity of the analyzed samples, the determined pore
size may be a bit smaller than the actual one without an
overcoat. Similar to the ToF-SIMS and ellipsometry results,

the mesopore size drops significantly until 50 cycles and then
slowly decreases down to 9 nm in diameter after 200 ALD
cycles (see Figure 8), whereas the pore-to-pore distance
remains almost constant for every sample at 25 nm. By
considering the shrinkage of the mesopore size, the width of
pore walls enlarges with the increasing number of ALD cycles.

However, in contrast to the assumption based on the ToF-
SIMS conclusion that the pores are possibly filled, mesopores
are still visible according to the SEM images. In general, SEM
analysis reveals only the film from a top view (see Figure 8).
While the second pore layer is visible in the uncoated CZO
films even up to 10 cycles, it is not detectable from 25 cycles
onward. This observation implies that the interconnecting
channels between the pore layers are filled preventing the
access of the gaseous ALD precursors to the inner pore
surfaces. As the ToF-SIMS and ellipsometric studies suggest a
TiO, layer thickness of around 13 nm after 200 cycles, we
assume the layer was deposited as pillars around the existing
mesopores. Hence, in a top view, the mesopores are still
visible, but are decreased only slightly in their lateral diameter
as the pillars coalesce slowly.

The thin films were also investigated using X-ray reflectivity
(see Figure 9). Due to the present ordered cubic arrangement
of the mesopores, the (111) Bragg signal is visible next to the
critical angle and the common fringes. The critical angle shifts
to higher s-values or incident angles for higher ALD cycles. As
the critical angle is directly related to the density of the
materials, a density increase from 1.9 to 3.1 g cm™ indicates
the filling of the mesopores, while these values are much lower
than the crystallographic densities of pure CeO, (7.3 g cm™),
tetragonal ZrO, (6.1 g cm™), or TiO,-anatase (3.89 g cm™).
Obviously, these low density values are due to the significant
mesoporosity of the CZO films as well as in the presence of
small crystallites with a few nanometers in diameter decreasing
the density in comparison to the bulk equivalent. However, the
enhancement in the density being stronger up to 50 cycles than
for 100, 150, and 200 cycles implies the impregnation of the
inner mesopores until 50 cycles. Hence, the mesoporosity
decreases and the density increases accordingly, which is in
good agreement with the refractive index results based on the
ellipsometric measurements (Figure 4). Furthermore, the
visible Bragg maximum related to the cubic pore arrangement
perpendicular to the substrate plane broadens after 5, 10, and
25 ALD cycles and vanishes after undergoing 50 growth cycles.
As the maximum originates from electron density differences
and its width corresponds to the variation of these difference
values, the original mesopores surrounded by pure CZO are
coated with a different material, e.g,, TiO,, on the pore surface.
After 50 cycles, the interconnecting channels are filled and the
gaseous ALD precursors can only reach the topmost pore
layers. The recurring electron density disparity necessary for
the Bragg signal to be detected disappears and hence the signal
vanishes, as seen in Figure 9. As the Bragg signal derives from
the cubic arrangement of the mesopores, the visible signal
corresponds to the (111) reflection. By multiplying the
reciprocal s value of the slope maximum of the different
samples by the square root of 3, the XRR data reveal a pore-to-
pore distance in the z-direction of around 18 nm. Due to the
heat treatment of the film during its preparation, the
mesopores undergo an ellipsoidal deformation and overall
shrinkage in the direction perpendicular to the substrate level,
resulting in a smaller pore-to-pore distance in comparison to
the obtained values in the x- and y-directions, respectively, as
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Figure 8. Differentiation of the SEM and ToF-SIMS investigations for the uncoated and coated mesoporous CZO films. The SEM images reveal
morphological changes of the porous structure from a top view of the film (top), while the ToF-SIMS depth profile shows the secondary-ion

distribution inside the whole film (bottom).
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Figure 9. XRR data of the CZO mesoporous thin films before and
after depositing TiO, via ALD using different numbers of growth
cycles, and the calculation of the average density based on the
position of the critical angle.

presented in Figure 7, based on the SEM investigations
(around 25 nm). Finally, the second maximum observed for
the sample after 200 ALD cycles is a fringe and was used
together with the third maximum/second fringe to determine
the thickness of the TiO, top layer to be 12 nm, which is in
accordance with the ellipsometric result providing 13 nm.

To analyze the mesoporosity, nitrogen physisorption
measurements were performed on a 500 nm film prepared
by repetitive coatings (see Figure S1). The investigation
reveals a pore size distribution with an average size of around
13 nm, with a second maximum of around 5—6 nm. The latter
can be assigned to the interconnecting channels and seem to
be the limiting factor for the ALD, which is in good agreement
with the work of Dendooven et al.** However, after five growth
cycles via ALD, the adsorbed volume already shrinks down to
50% in comparison to the uncoated film. After 10 cycles, the
pore volume remains constant implying the filling of the
interconnecting channels, preventing further deposition inside
the mesopores. This contradicts the observation made via
ToF-SIMS and laser ellipsometry. A possible reason for this
result is a stacking mismatch of the various mesoporous CZO
layers caused by the repetitive coating resulting in a different
model system compared to the single-coated CZO films.
Unfortunately, using the given method without multilayer
coating, only thicknesses around 100 nm are achieved, which is
too thin for the nitrogen physisorption measurements.

To determine the relative pore volume defined as the
volume fraction of pores in an otherwise presumed dense film,
environmental ellipsometric porosimetry (EEP) analyses were
performed on the coated thin films. The results are shown next
to the measured refractive index at 700 nm in Figure 10. As
expected, the relative pore volume quickly decreases from

20 22
184 refractive index @ 700 nm
8 ey Tt o
R 16} -
- 421
@ 14 o g
EIV
21241
[ B
) 104 4 ‘,’ 420 =
S 8] w
2 "
2 64 I\
] B 119
D 4q ] e\ o ) )
b ~q interior pore layers inaccessible
2+ Tl -]

50 100 150 200
number of ALD cycles

[SESN

Figure 10. Refractive index n at 700 nm and relative pore volume
determined by ellipsometric porosimetry (EP) dependent on the
number of ALD cycles. The dotted lines serve as a guide to the eye to
illustrate the curve slope.

around 20% for the uncoated sample with increasing number
of ALD cycles and reaches less than 4% (+2%) above 50
cycles. This is in good agreement with the findings of the laser
ellipsometry and ToF-SIMS studies as after 50 cycles the pores
are not accessible anymore for the gaseous ALD precursor as
well the solvent used in the EEP measurement. The
interconnecting channels are filled and prohibit the access to
the pores in the depth. While the mesopore volume can be
determined with reasonable precision, the evaluation of the
pore size distribution was associated with quite high
fundamental uncertainty: the pore-size-dependent condensa-
tion of the used fluid (ethanol) within the mesopores is
substantially superimposed by the wetting of the oxidic surface
by ethanol. Since the wettability in general considerably affects
the calculation of pore sizes (see, e.g, the Kelvin equation) and
since the wetting behavior is unknown in this particular case,
no pore size distribution is shown based on EEP (see EEP data
in Figure S2).

While all of these analyses suggest an impregnation of the
mesopores, GI-XRD measurements were performed on the
sample to study the presence of crystalline TiO,. The results
are shown in Figure 11 for the uncoated films as well as the
films after the ALD procedure. The cubic structure of
CeysZry 5O, based on the reference pattern is observed for
every sample, while the sharp reflections can be assigned to the
Si[110] substrate. Using the Scherrer equation, the average
crystallite size for CZO is 7 nm. However, there is no evidence
of a TiO, crystal phase. When annealing the sample after the
deposition procedure to 600 °C for 10 min and cooling down
to room temperature, the (011) reflection of anatase is visible
for the coated film after 200 cycles but not after 25 cycles. This
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Figure 11. (Top) X-ray diffraction pattern of the mesoporous CZO
thin film before and after the ALD using different amount of cycles.
(Bottom) X-ray diffraction pattern of the mesoporous thin film after
0, 25, and 200 ALD growth cycles, followed by an annealing step to
600 °C. In both cases, the reference pattern for the cubic lattice of
CeyZry 0, (ICDS 98-016-1650; orange) and anatase (ICDS 98-
015-4604) are shown. The reflections marked with an asterisk derive
from the Si[110] substrate.

observation can be explained in two ways: On the one hand,
the amount of presumably amorphous TiO, in the pores
crystallizing into anatase is insufficient for the XRD
investigations to be detected. On the other hand, only the
13 nm TiO, layer on top of the film shown by ToF-SIMS and
laser ellipsometry can crystallize, forming anatase after the
postdeposition heating step.

Finally, the films were analyzed using transmission electron
microscopy (TEM, Figure S3) and high-resolution STEM
(HRSTEM) to visualize the TiO, coating of the mesoporous
CZO network. The results are presented in Figures S4 and
12a—c. The brightness in these images derives from the z-
contrast, meaning that compounds with a higher atomic
number appear brighter. As shown in Figure 12a, the film
consists of distributed bright and dark spots, in which the latter
can be assigned to the mesopores. In this cross-sectional view
of the mesoporous film, the thickness is determined as 94 nm,
with a 2.7 nm thick SiO, layer on top of the silicon substrate.
By comparing the HRSTEM images of the films before and
after 150 ALD cycles, the latter appears to have a reduced
contrast implying the filling of the mesopores. To distinguish
between TiO, and CZO, local energy-dispersive X-ray (EDX)
measurements were performed. The results shown in Figure
12¢ illustrate the distribution of the elements Ti, Zr
(representative for the CZO film), and Si. The overlay of
the Ti and Zr signals demonstrates the complementary
distribution of these elements inside the film, giving direct
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Figure 12. High-resolution STEM images of the untreated
mesoporous CZO thin film before (a) and after 150 TiO,-ALD
cycles (b). Moreover, the FFT calculations based on the atomic
lattices are displayed within the STEM images (a) and (b). EDX
measurements of the film after 150 cycles are additionally presented
for Zr, Ti, and Si (c).

evidence that the pores are indeed coated with Ti or TiO,,
respectively. Although these images do not provide informa-
tion on the interconnecting channels, the occurring crystal
phases can be determined by considering the present atomic
planes and determining the interplanar spacing d of the
samples using a fast Fourier transformation (FFT) calculation.
The latter is shown for both analyzed films in Figure 12a,b.
These FFT patterns reveal the presence of CejsZrys0,, as the
brightest circle has an interplanar spacing d of 0.305 nm, which
can be assigned to the (111) reflection of the tetragonal crystal
structure. Furthermore, the sample exposed to 150 ALD cycles
features an additional diffraction ring, which was measured to
possess an interplanar spacing d = 0.350 nm, which
corresponds to the (011) reflection of anatase.

According to the ToF-SIMS results, there is no further
impregnation of the pores after S0 cycles (see Figure S).
Therefore, we conclude that for the samples after 50 ALD
cycles, the existent TiO, inside the mesopores is indeed
crystalline TiO, in the anatase crystal structure.

B CONCLUSIONS

This work summarizes different characterization methods to
identify and characterize the infiltration of TiO, into an
ordered mesoporous CesZr, 0O, structure using ALD. It was
verified by ToF-SIMS and ellipsometric investigations that
TiO, was deposited into the mesopores up to 50 ALD cycles,
followed by the formation of a top layer of TiO, for
subsequent cycles, still maintaining observable pore sizes of
around 10 nm detectable in SEM images. While XRD does not
clarify the existing crystal structure of TiO, inside the pores,
the FFT of HRSTEM images proves the deposited anatase
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Figure 13. Schematic model of the TiO, deposition in the mesoporous CZO film using ALD. TiO, covers the surface of the 13 nm mesopores as
well as the smaller interconnecting channel leading to a decrease in the average pore size. At a certain number of ALD cycles, the channels are
completely filled, preventing the gaseous precursor to reach the inner pore layers while still retaining pores in the topmost pore layer.

structure. EDX measurements of the mesoporous film verified
additionally the complementary distribution of CZO and TiO,.
The complete procedure is schematized in Figure 13. The
catalytic performance of the herein prepared CZO/TiO,
mesoporous thin films depending on the TiO, layer thickness
will be addressed in upcoming studies.

All in all, this case study shows the successful deposition of
an active species inside a mesoporous network by using ex situ
characterization techniques and serves therefore as a guideline
for future atomic layer depositions for different metal oxides
into complex, porous substrates.
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ABSTRACT: By using an evaporation-induced self-assembly
(EISA) process, mesoporous metal oxide thin films are
prepared via molecular precursors undergoing a sol—gel
transition or by using nanoparticle dispersions as the starting
materials. Both methods are employed together with PIBy-b-
PEQ,; as the structure-directing agent to produce porous
TiO, and ZrO, thin films with spherical mesopores of around
14 nm in diameter. These nanoparticle- and sol—gel-derived
films were investigated in terms of the intrinsic in-plane stress
development during the heat treatment up to 500 °C to
evaluate the impact of solvent evaporation, template

decomposition and crystallization on the mechanical state of
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the film. The investigation revealed the lowest intrinsic stress for the nanoparticle-derived mesoporous film, which is assigned to
the combination of the relaxing effects of the utilized diblock copolymer and the interparticular gaps between the precrystalline
nanoparticles. Furthermore, the residual in-plane stress was studied after annealing steps ranging from 300 to 1000 °C and
cooling down to room temperature. Here, TiO, nanoparticle-derived mesoporous films possess a lower residual stress than the
sol—gel-derived mesoporous films, while in the case of ZrO, films, sol—gel-derived coatings reveal the smallest residual stress.
The latter is based on the lower thermal expansion coefficient of the dominant monoclinic crystal phase compared to that of the
silicon substrate. Hence, the present crystal structure has a strong influence on the mechanical state. The observation in this
study helps to further understand the stress-related mechanical properties and the formation of mesoporous metal oxides.

B INTRODUCTION

Recent advances in the thin film technology enabled the tailor-
made preparation of metal and oxide films for various
applications such as (photo)catalysis, sensors, optics, and
electronics.”” The rising number of application fields has also
affected different preparation methods to fabricate thin films
with the required properties. Within these synthesis
approaches there are physical methods such as the physical
(PVD) or chemical vapor deposition (CVD), which can be
divided even further into methods such as the atomic layer
deposition (ALD) allowing the fabrication of ultrathin layers
on complex substrates.”~> While these physical methods aim
for the preparation of dense thin films, mesoporous thin films
are mostly prepared wet-chemically using sol—gel-based
approaches known as the evaporation-induced self-assembly
process (EISA).%” It permits to control the porosity as well as
the size of the pores by using metal precursors in combination
with different structure-directing agents in the form of
surfactants or block copolymers such as poly(isobutylene)-
block-poly(ethylene oxide) referred to as PIB,-b-PEO,* ™! and
poly(styrene)-b-poly(4-vinylpyridine) (PS-b-P4VP)'* or the

< ACS Publications  © 2019 American Chemical Society

16427

commercially available Pluronic F-127'7"° and P-123.'"
With these approaches, a variety of mesoporous metal oxide
thin films can be prepared including HfO,, MgO, CeQ,, ZrO,,
TiO,, ALO,,"*"*™° and more complex oxides such as PZT*°
or (Ca, Zn)Fe,0,”"** with a diversity of applications.”” Next
to exchanging the template, the precursor system can be
substituted as well. In recent papers, nanoparticle dispersions
were used instead of metal alkoxides or chlorides benefiting
from a lower annealing temperature as the introduced
nanoparticles are already crystalline before the deposition
procedure.'** Decreasing the annealing temperature also
prohibits a possible disruption of the mesostructure due to the
missing temperature-induced crystallization.

Benkstein and Semancik prepared nanoparticle-derived
mesoporous thin films of anatase as conductometric gas
sensors showing an improved gas sensitivity in comparison to
dense TiO, thin films.’’ One possible reason for this
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improvement is the higher internal surface area of the
nanoparticle-derived films possessing interparticle pores in
the range of 1—5 nm. Yue et al. prepared mesoporous thin
films using Nb-doped TiO, nanoparticle dispersions with
different dopant concentrations and PIBy-b-PEQ, as the
structure-directing agent.”> They revealed that the open
mesopore structure provides a suitable morphology for
investigating the interfacial charge storage. In addition,
Brezesinski et al. compared self-organized mesoporous TiO,
using nanocrystals showing high impact on the capacitive
charge storage and insertion capacities, which is ascribed to the
high accessibility due to the mesoporous network.*® Lastly,
Hartmann et al. presented a study of the photoelectrochemical
water splitting reaction of TiO, mesoporous thin films derived
from a nanoparticle dispersion in comparison to a metal
chloride solution.®® In contrast to the previous studies, the
nanoparticle-derived mesoporous thin film showed a weaker
performance, here in the water splitting reaction, than the sol—
gel-derived film, addressing the question how the choice of the
metal oxide precursor affects the physicochemical properties of
the final mesoporous film via fundamental structure-related
characteristics.

However, when preparing dense or mesoporous films above
1 ym in thickness by a single coating step, using nanoparticle
dispersions or sol—gel precursor solutions, the films are prone
to crack during the firing step.”* The cracking originates most
prominently from the in-plane tensile stress development
during the annealing, referred to as the intrinsic in-plane stress,
which includes solvent evaporation and densification Jprocesses
shrinking the films to 70% of their initial thickness.” During
the cooling procedure to room temperature, the difference in
the thermal expansion coefficients between the substrate and
the film either raises or lowers the in-plane stress observed at
room temperature labeled as the residual in-plane stress.”*

For the successful preparation of thicker films without
repetitive deposition, the in-plane stress must be kept low,
which can be obtained by introducing additives, for example,
polymers or chelating agents to the precursor solutions.*®

In a previous study, we were able to demonstrate the in-
plane stress development of sol—gel-derived mesoporous
titania and ceria-zirconia thin films revealing the impact of
the used structure-directing agent and different sol—gel
precursors such as metal alkoxides and chlorides on the in-
plane stress during the heat treatment until 500 °C.*” Such
heat treatment is commonly applied in the synthesis of
mesoporous metal oxides to remove the organic template and
to spur crystallization of the initially amorphous metal oxide.
As stated earlier, nanoparticle dispersions are a promising
alternative for preparing mesoporous thin films, but the
mechanical behavior of such films during the preparation is
still not fully understood. Yet, structural reorganization on the
nanometer scale as a consequence of stress build-up or release
can possibly impact properties such as the conductivity and so
forth. In this work, we take a closer look at the in-plane stress
development of nanoparticle-derived ordered mesoporous and
dense thin films and compare the results with ordered
mesoporous films prepared from molecular precursors (“sol—
gel-derived films”) to study the influence of the precursor
system on mechanical properties. We focus on the inves-
tigation of intrinsic stress experienced directly after the
deposition via spin-coating and during the subsequent heat
treatment up to 500 °C as well as on the residual stress after
cooling down to room temperature after several annealing

temperatures ranging from 300 to 1000 °C. Here, we
concentrate on the investigation of TiO, and ZrO, thin films
templated with PIB;y-b-PEQ,; (Figure 1) as both materials are
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dense fims mesoporous films
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Figure 1. Schematic overview of the conceptual methodology of the
study of intrinsic in-plane stress. Nanoparticle dispersions are used as
precursor sources to prepare dense (NP) and mesoporous TiO, and
ZrQ, thin films (NP meso) and are compared to mesostructured films
fabricated by a sol—gel precursor solution (SG meso). The films are
deposited via spin-coating and subsequently transferred to the in-
plane stress measurement apparatus to measure the curvature in situ
and calculate the intrinsic stress during heating up to 500 °C.

widely used and studied in various application fields using
dense films as well as the mesoporous counterpart. In addition,
our previously published work revealed that the intrinsic in-
plane stress development showed quite a distinction between
these materials deriving from the different precursor sources
(alkoxide for TiO, and oxychloride for ZrO,). This study
reports the as-prepared nanoparticle-derived mesoporous
equivalents with pore sizes around 14 nm and intends to
clarify the impact of the metal oxide precursors contributing to
further understandings of the in-plane stress development in
porous thin films.

B EXPERIMENTAL SECTION

Synthesis of the TiO, and ZrO, Nanoparticles (NPs). TiO,
NPs were synthesized with a benzyl alcohol synthesis based on
Hartmann et al.** 1 mL of TiCl, (99.0%, Wako Pure Chemical) was
first dissolved in 5 g of ethanol (99.5%, Wako Pure Chemical) before
adding 20 g of benzyl alcohol (99.0%, Wako Pure Chemical) and 230
mL of 1,3-propanediol (98.0%, Tokyo Chemical Industry) to the
solution. After 8 h of stirring at 80 °C, the mixture was added to 200
mL of diethyl ether (99.5%, Wako Pure Chemical), resulting in the
formation of a white precipitate, which afterwards was separated and
washed two times with diethyl ether through centrifuging. During the
sol—gel process, the Ti—Cl bonds undergo alcoholysis and directly
condensate with a chloride substitute or a OR group leading to the
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metal-oxo network. Subsequently, the gathered NPs were dried at
room temperature for 1 h, 90 mg of NPs were dispersed into a
provided solution of 1.5 mL ethanol, 0.2 mL distilled water, and 0.5
mL 2-methoxyethanol (99.0%, Wako Pure Chemical). For the
mesoporous thin films, only 0.5 mL of ethanol was used for the
dispersion and mixed with 50 mg of PIByy-b-PEQ,; (BASF) dissolved
in 1 mL of ethanol.

ZrO, NPs were synthesized using a microwave-assisted approac]
with a microwave synthesis reactor Monowave 300 by Anton Paar. In
a 30 mL microwave vessel, 624.5 mg of ZrCl, (>99.5%, Alfa Aesar)
was dissolved in 2.5 mL of ethanol (99.8%, Thermo Fisher Scientific)
by heating the solution to 120 °C for 1 min controlled by an
integrated infrared thermometer. Afterward, 627.1 mg of Zr(O'Pr), in
1-propanol (70%, Alfa Aesar) was added to the reaction tube and
heated to 150 °C for 3 min. After the addition of 6 mL of 1-hexanol
(99%, Griissing GmbH), the solution was once again heated to 150
°C for 1 min, which was followed by mixing 6 mL of benzyl alcohol
(99%, Grissing GmbH) to the microwave vessel. The solution was
then heated in a final step to 200 °C for 3 min. All temperature steps
have been performed under microwave irradiation and a constant
stirring rate of 350 rpm. After each temperature step, the reaction tube
was cooled to 70 °C. Finally, the nanoparticles were precipitated in 70
mL of n-pentane (>99%, Tokyo Chemical Industry), obtained by
centrifugation and washed two times using 60 mL of diethyl ether.

By adding benzyl alcohol, benzyloxy groups are formed together
with the Zr precursors leading to Zr—O-Zr bonds at elevated
temperatures, which is a prerequisite in forming crystalline ZrO,
nanoparticles at comparable low annealing temperatures (<200 °C),
while the 1-hexanol reduces the reaction rate during the condensation
process and enables the steric stabilization in water and short-chain
alcohols such as ethanol. Analogous to the TiO, NPs, 90 mg of the
obtained ZrO, NPs were dispersed into a mixture of ethanol, distilled
water, and 2-methoxyethanol used as the spin-coating solution for
preparing the thin films.

Preparation of the Nanoparticle-Derived Mesoporous and
Dense Thin Films. All spin-coating procedures were performed
using a Spincoater 1H-D7 by Mikasa, while Si[100] wafers were
utilized as the film substrates. The substrates were cleaned using an
ultrasonic-assisted treatment and their surface was oxidized at 700 °C
for 10 min.

The nanoparticle-derived thin films were achieved by depositing
the crystalline TiO, precursor sol, which was priorly freed from
agglomerates using a PTFE 0.2 pm syringe filter, at approximately
80% relative humidity by spin-coating at 1000 rpm for 60 s and
altering for 2—3 min. Afterward, the films were transferred to the in-
plane stress measurement apparatus and heated up to 500 °C (5 K
min~") for intrinsic in-plane stress studies.

Preparation of the Sol-Gel-Derived Mesoporous Thin
Films. The preparation of the sol—gel-derived mesoporous thin
films was already reported in a previous study.’’ The same
preparation conditions during spin-coating and the annealing steps
were used to ensure a comparison between the sol—gel- and
nanoparticle-derived mesoporous thin films.

The precursor solution was prepared with a mole ratio of
Ti(OC;H;); (TTIP)/PIBgy-b-PEO,s/H,0/HCl/C,H;OH (EtOH)
of 1:0.008:1:11:40 for the TiO, films and ZrOCl,-8H,0/PIBy,b-
PEO,;/H,0/CH;0C,H,OH (2-methoxy-EtOH)/EtOH of
1:0.005:18:10:35 for the ZrO, films. Hydrochloric acid (37%) was
used as the source of HCl and the mole ratio for H,O does not
include that from the hydrochloric acid or from ZrOCl,-8H,0. In this
approach, 1.78 g of TTIP or 1.23 g of ZrOCl,-8H,0 was dissolved in
7 mL of ethanol or 3.5 mL of ethanol and 3.5 mL of 2-methoxy-
EtOH, respectively. In another vessel, 220 mg (TiO,) or 350 mg
(Zr0,) of the diblock copolymer PIB;y-b-PEQ,; was added in 7 mL
of ethanol for both cases. After treating the template solution in an
ultrasonic bath for approximately 30 min at 35 °C, the mixture was
cooled down to room temperature at which the polymer and
precursor solution were mixed together. Distilled water (0.1 mL) was
added to the resulting solution, which was stirred afterward for 90
min. In the case of the TiO,, 2 mL of hydrochloric acid (37%, Wako
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Pure Chemical) was added to tailor the pH value and start the
hydrolysis step.

Analogous to the nanoparticle-derived thin films, the solutions were
freed from agglomerates using a syringe filter and then deposited on
silicon wafers at a relative humidity of 20%.

In-Plane Stress Measurements. The details of the in-plane
stress measurement are explained in a previous article.””

The in-plane stress measurements were recorded using a thin film
stress instrument with an incorporated furnace detecting the substrate
deflection during the heat treatment up to 500 °C. To calculate the
in-plane stress, Stoney’s equation (see eq 1) was considered
combining the curvature of the bare and coated substrates, R, and
Ry, respectively, with the in-plane stress ¢

Et? 1
6(1 - )t AR o)

in which E/(1 — v;) stands for the biaxial elastic modulus of the
Si[100] substrate, 1.805 X 10" Pa.***” While the thickness of the
substrate (f, = 525 um) is given by the manufacture company, the film
thickness f; is recorded by a spectroscopic ellipsometer. The in-plane
stress investigation was performed on 4 in. Si[100] wafers, which were
analyzed before the deposition to determine the curvature R; of the
bare substrate. The residual stress was recorded at room temperature,
while the intrinsic stress was detected using a simultaneous heating
with a rate of 5 °C min™! to 500 °C. All the measurements were
carried out under ambient air.

For the intrinsic and residual stress investigation, an FLX-2320-S
thin film stress measurement system by Toho Technology was utilized
to measure the substrate curvature.

Intrinsic In-Plane Stress Analysis. For the intrinsic stress
investigation two 4 in. Si[100] wafers were coated via spin-coating.
After deposition, the coated substrates were transferred into the in-
plane stress measurement apparatus for the in situ investigation. The
other film was fabricated under the same deposition conditions and
cut afterward into 11 small pieces. For the stress analysis, a heating
ramp of 5§ °C min~" until S00 °C was employed. Every S °C, the
substrate curvature was determined during the heating and cooling
processes. By means of the determination of the curvature difference
AR, the corresponding stress o6y, in dependence of the specific
temperature was calculated via Stoney’s formula. The film thickness
was obtained by investigating the smaller coated Si substrates at
specific temperatures of 25, 50, 100, 150, 200, .., 500 °C and fitted to
evaluate the thickness of the film every 5 °C copying the in situ stress
measurement interval.

Residual In-Plane Stress Analysis. For the residual stress
investigation, thin film samples were prepared also on two 4 inch
Si[100] wafers using spin-coating. In contrast to the intrinsic stress
measurement, after the deposition, the films were transferred into a
preheated furnace at 130 °C to evaporate the remaining solvent and
aged at 300 °C for 12 h to remove the template. The film thickness of
the coated wafers and the changing curvature were recorded to
determine the corresponding residual stress o, This procedure was
repeated for 400, 500, .., 900 and 1000 °C, whereby the heat
treatment started at room temperature with a heating ramp of 10 °C
min~! up to 1000 °C. For each temperature step, the holding time was
10 min. The intrinsic and residual stress analyses were carried out
identically for the sol—gel- and nanoparticle-derived mesoporous thin
films and dense TiO, and ZrO, thin films.

Characterization Methods. Scanning electron microscopy
images were obtained using a JEOL Ltd. JSM-6330 FII microscope
at acceleration voltages of 11—15 kV and applied currents of 11-13
nA. Before the analyses, the thin films were coated with osmium using
a Neo Osmium Coater from Meiwafosis Co., Ltd. All of the
investigated films were sputtered for 10 s with an applied current of
10 mA. The crystalline phases of the thin films were identified by
grazing incidence X-ray diffraction (GI-XRD) patterns recorded on a
Rigaku Corp. Ultima III diffractometer utilizing Cu Ka radiation in a
26 scan mode with an incidence angle of @ = 1°. All investigated
materials were scanned in the range of 20 until 65° with a scan speed
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Figure 2. Dynamic light scattering (DLS) results of the utilized diblock copolymer PIB;y-b-PEQ,, as-prepared TiO, and ZrO, nanoparticles, and

mixture of the nanostructures and the template.

4° min~" in 0.02° steps. The calculations of the crystallite sizes d were
performed using the Scherrer equation by applying a pseudo-Voigt
plot to fit the wide angle reflections. Spectroscopic ellipsometric
investigations were recorded on an M2000 V-Kk instrument from J.A.
‘Woollam Co., Inc. using the included data analysis software Complete
Ease for employing the model fits. All samples were measured at the
specific angles of 65, 70, and 75° in a wavelength range of 370.9 until
998.5 nm, while the acquisition time was always S s. When the
samples were fired above 700 °C, formation of SiO, on the Si wafer
was taken into account. The thermogravimetric analyses were
recorded under air using a thermal analyzer Thermo Plus TG 8120
by Rigaku Corp. Approximately 15.9 mg of the diblock copolymer
PIB-b-PEO,; was investigated at a heating ramp of 5 °C min~"
simulating the same conditions as the thin film stress analysis.
Dynamic light scattering (DLS) for particle size as well as zeta
potential measurements were performed on a Zetasizer NanoZ$ from
Malvern instruments. Transmission electron microscopy (TEM)
images were recorded on a CM30 instrument by Philips, which was
operated at 300 kV using copper mesh grids for the sample
preparation.

Bl RESULTS AND DISCUSSION

Characterization of the Nanoparticles. To prepare
mesoporous thin films using a nanoparticle dispersion and a
structure-directing agent, the size of the nanoparticles is
required to be smaller than the pore wall thickness to obtain a
well-defined mesoporous structure. Based on the utilized
diblock copolymer PIBs,-b-PEQ,; exhibiting spherical micelles,
the pore walls do not exceed a thickness of around 15 nm.*~"°
Hence, as the nanoparticles are supposed to be used as
building blocks in a typical brick-and-mortar approach, a
particle size less than 10 nm is favorable.

The TiO, nanoparticles were synthesized based on a
nonaqueous sol—gel route using benzyl alcohol as the solvent
and oxygen donor.*~** In short, a solution of benzyl alcohol
and 1,3-propanediol acting as a stabilizing agent is added to
anhydrous TiCl, dissolved in ethanol. By stirring the solution
for 8 h at 80 °C, titanium-oxo-hydroxo species are formed and
will precipitate in nonpolar organic solvents such as diethyl
ether. After drying the remaining precipitate, the obtained
powder can readily be redispersed in ethanol and water.

The ZrO, nanoparticles were prepared by a microwave-
assisted and solvent-controlled sol—gel approach using
zirconium(IV) propoxide and zirconium(IV) chloride as
zirconium precursors, which are dissolved in benzyl alcohol
and 1-hexanol. While the synthesis is facile to perform, the
reaction mechanism involves several steps including ligand

16430

exchange, alcoholysis, and alkyl halide elimination, which is
described in detail by Suchomski et al.””

DLS measurements (Figure 2) were performed to obtain the
hydrodynamic diameter of the metal oxide nanoparticles,
which show an average size of 8 nm for TiO, and § nm for
ZrO, with a positive zeta potential for both of them. Next, for
the determination of the nanoparticle size, also micelles of
PIBgy-b-PEO,s were investigated using DLS, both with and
without the presence of metal oxide nanoparticles. Here, an
average hydrodynamic diameter of 19 nm for the polymeric
micelles is observed, which increases to 23 or 27 nm when the
TiO, and ZrO, particles are added, respectively. These results
demonstrate that the particles and the template do not exist
separately as one would receive two size distributions in the
DLS analyses. The presence of only one narrow size
distribution confirms the absence of particle agglomerates by
settling or clumping. Instead, the increase in the hydrodynamic
radius suggests that a certain number of nanoparticles adsorbs
on the micellar corona, which is favorable in terms of the
templating process and explains the enhanced overall micellar
diameter. Additionally, TEM investigations of the prepared
TiO, nanoparticles reveal spherical particles with a 5.4 + 1.0
nm diameter (see Figure S1). The TEM analyses of ZrO,
nanostructures were shown in a previous work,"” proving the
existence of particles with a size of 2.5 £ 0.8 nm. The
difference in the determined particle sizes via TEM and DLS
derives from the solvation shell, which increases the hydro-
dynamic diameter measured by DLS.

Hence, the synthesized nanoparticles of TiO, and ZrO, are
suitable building blocks for mesoporous thin films.

Intrinsic Stress Development in the Mesoporous TiO,
Thin Films. The mesoporous TiO, thin films were prepared
using a mixture of the nanoparticle dispersion and the block
copolymer PIB;y-b-PEO,; in ethanol. The precursor solution
was deposited on partially oxidized Si[100] substrates by a
spin-coating approach allowing to fabricate thin films on 4 inch
wafers with a thickness of around 100 nm. By varying the
structure-directing agent, the porosity of the film can be
tailored. In this case, PIBy-b-PEO, results in 13 nm
mesopores, which aligned in a cubic array when using a sol—
gel approach proven by SEM images. However, the as-
prepared mesoporous thin films using the nanoparticle
dispersion do not show a highly ordered mesoporous structure.
In contrast to the metal-oxo units in the sol—gel-derived films,
the building blocks or nanoparticles have a higher density and
are thus less mobile in the nanoparticle-derived films. The
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assembly of the nanoparticles around the micelles is therefore
aggravated, hindering the formation of an ordered mesoporous
structure after decomposition of the template.

As seen in Figure 3, mesopores of around 13 nm are
observable. In addition, Suchomski et al. showed the presence
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Figure 3. In-plane intrinsic stress of the nanoparticle-derived
mesoporous TiO, thin films templated by PIBs,-b-PEO,; during the
heating up to 500 °C. The heating ramp was 5 °C min~!, while the
curvature of the coated film was measured every 5 °C. The depicted
data are the average of three recordings. The morphology of the film
at 500 °C and after natural cooling is also shown using SEM.

of smaller pores of around 2—5 nm proven by nitrogen
physisorption measurements of the nanoparticle-derived
mesoporous thin films." These derive from the interparticular
space between the nanoparticles or their agglomerates.
Therefore, the nanoparticle-derived thin films are often
referred to as bimodal porous nanostructures.

The nanoparticle-derived mesoporous thin films were
investigated regarding the in-plane stress development by
transferring the freshly coated film directly in the in-plane
stress measurement apparatus determining the curvature of the
sample while heating the film up to 500 °C with a heating
ramp of 5 °C min™! and a measurement interval of § °C. In
this in situ experiment, the impact of the solvent evaporation,
polymeric micelles, and densification processes on the intrinsic
stress within the film is studied. The Stoney’s equation (eq 1)
contains next to the thickness of the substrate f, also the
thickness of the coated layer #; which will change during the
annealing procedure upon solvent evaporation and polymer
decomposition. Analogously prepared TiO, thin films were
analyzed via spectroscopic ellipsometry at specific annealing
temperatures (25, S0, 100, .., 500 °C) providing the
corresponding thickness at the given temperatures.

To obtain the temperature every 5 °C similar to the
curvature measurement during the in situ investigation, the
thickness data were fitted with a linear regression (see Figure
S2). The thus obtained intrinsic in-plane stress of nanoparticle-
derived mesoporous TiO, thin films in dependence of the
heating temperature is depicted in Figure 3. The investigation
was performed three times with analogously prepared solutions
and the same deposition parameters. The shown stress data in
Figure 3 were calculated as the average of these three
investigations (see Figure S3). The in-plane stress at room
temperature is tensile at first and decreases slightly from 10
MPa to zero. This recession starts slightly around 75 °C, which
is in good agreement with the boiling temperature of ethanol
(pr = 7837 °C) and drops stronger around 100 °C
corresponding to the evaporation of H,0. Afterward, the

intrinsic stress remains averagely constant until 250 °C. This
phenomenon, as described in our previous article, can be
assigned to the polymeric micelles being highly distributed in
the film. The template contains ether and hydroxyl groups as
part of the ethylene oxide unit (PEO), which may form
hydrogen bridge bonds with the Ti—OH groups on the particle
surface. The viscoelastic properties of the micelles also provide
a buffer between each particle, leading to only small areas of
contact. As the particles are spherical, an arrangement similar
to a close-packing will cause gaps between the particles. This
interparticular porosity in the range of a few nanometers also
contributes to an overall low stress during this temperature
segment.

After 250 °C, a significant rise in the intrinsic stress is
observable until 350 °C, which is ascribed to the decom-
position of the template and its decompressing effect of the
system. The template removal was verified by thermogravi-
metric analysis (TGA) shown in Figure S4.

Beyond 350 °C, the intrinsic stress decreases and almost
vanishes at about 475 °C. Such a maximum is typically
observed for TiO, mesoporous and dense films.***” Due to the
high temperature, atomic diffusion in the TiO, particles is
activated, leading to structural and stress relaxation. Above 475
°C, the stress increases slightly. By our knowledge, the
crystallites grow in size leading to a less amount of grain
boundaries in the particle. As the atomic diffusion coefficient is
typically larger along the grain boundaries than within the
grain, larger crystallites result in a reduced atomic diffusion.
Hence, the tensile stress of the nanoparticle-derived meso-
porous thin film increases after 475 °C.

To validate these assumptions and get a further under-
standing of the intrinsic stress development, nanoparticle-
derived thin films without the addition of the template as well
as sol—gel-derived mesoporous thin films were investigated
analogously (Figure 4).

Figure 4 reveals that the dense nanoparticle-derived thin film
(TiO, NP) experiences the highest intrinsic in-plane stress
until 500 °C. At a temperature of 100 °C, the intrinsic stress is
4 times higher for the sol—gel-derived (TiO, SG meso) and
nearly 8 times higher for the nanoparticle-derived (TiO, NP
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Figure 4. Comparison of the intrinsic in-plane stress of the
mesoporous TiO, films prepared with PIB;,-b-PEO,s using a sol—
gel precursor solution (black) or TiO, nanoparticle dispersion (blue)
and without the addition of the diblock copolymer (red) during the
heating process up to 500 °C. The SEM images correspond to the
respective films treated at 500 °C. The curvature of the films was
determined every 5 °C. The dashed and straight lines serve as guides
for the eye.
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meso) mesoporous thin films. Although the absolute stress
values seem quite large for the dense thin films made of TiO,
nanoparticles with a maximum of 120 MPa (Figure 4), sol—
gel-derived dense TiO, films show even higher intrinsic in-
plane stress up to 250 MPa.** This difference derives from the
presence of the interparticular porosity due to the assembly of
the around 7 nm nanoparticles compensating the stress build-
up.

From 100 until 200 °C, the detected stress remains nearly
constant for the mesoporous thin films, which can be
attributed to the presence of micelles whose viscoelastic
properties allow the system to relax. Another proof is provided
by the following polymer decomposition seen by TGA (see
Figure $4), which occurs in two steps at 200 and 270 °C. It is
completed around 350 °C, which is the stress maximum for
both types of mesoporous thin films. The sol—gel-derived
mesoporous structure is still in an amorphous state, but the
metal-oxo network has expanded itself around the subse-
quently removed micelles. Although the nanoparticle-derived
dense film also reveals its stress maximum around 350 °C, the
preceding stress uptake is significantly smaller than that for the
mesoporous films.

From 350 to 500 °C, the stress decreases and reaches nearly
zero for the sol—gel-derived film, which is assigned to the
temperature-induced atomic diffusion leading to the crystal-
lization into the anatase crystal phase confirmed by GI-XRD
(Figure 5). In the case of the films made of nanoparticle
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Figure S. X-ray diffraction patterns of the dense (red) and
mesoporous thin films using a TiO, nanoparticle dispersion (blue)
and sol—gel precursor solution (black) after different annealing
temperatures ranging from room temperature to 500 °C. In addition,
the anatase reference pattern (ICDS 98-015-4604) is shown.

dispersion, GI-XRD reveals the presence of anatase even at
room temperature. Above 350 °C, the (100) reflection of
anatase intensifies and sharpens until 500 °C. By fitting the
reflections with a pseudo-Voigt plot and using the Scherrer
equation,” the average crystallite size was determined. It
increases from around 3 nm at 350 °C up to 6 nm at 500 °C
for the nanoparticle-derived films. In contrast, 9 nm crystallites
are observed at 500 °C for the TiO, film based on a sol—gel
precursor solution, that is, no gradual growth occurs. As
mentioned above, the crystallite growth of the nanoparticle-
derived thin films eventuates in fewer grain boundaries in the
particles, leading to a lower atomic diffusion and hence to a
higher in-plane stress build-up compared to the sol—gel-
derived films.

Figure 6 shows a possible schematic overview describing the
difference between the two types of mesoporous thin films. By

Nanoparticle-derived mesoporous thin films

Sol-gel-derived mesoporous thin films

Figure 6. Schematic overview of the structural behavior inside the
mesoporous thin film prepared using a nanoparticle dispersion (top)
and a sol—gel precursor solution (bottom). The spheres represent the
nanoparticles, while the hexagons signify units of the metal-oxo-
network in the sol—gel process.

continuous condensation, the metal-oxo network becomes
more rigid than the film composed of crystalline nanoparticles
and interparticular pores. When the stress-relaxing polymeric
micelles are removed, further cross-linking by polycondensa-
tion reactions is not inhibited anymore by ether or hydroxyl
groups of the micelles coordinating to the Ti atoms in the
precursor-derived films, leading to an increase in stress at 200—
350 °C. In the case of the nanoparticle-derived mesoporous
film, the nanoparticles continue to sinter, which raises the
stress at the same temperature range. At higher temperatures,
the crystallites grow in size leading to a less atomic diffusion
inside the particle due to a less amount of grain boundaries.
The densification process will therefore lead to the atomic
diffusion-induced stress relaxation resulting in a small stress
increase at 500 °C for the nanoparticle-derived mesoporous
thin films.

Intrinsic Stress Development in the Mesoporous
ZrO, Thin Films. Next to the TiO, thin films, also ZrO,
coatings were investigated regarding the intrinsic in-plane
stress development during the heating stage up to 500 °C.
Analogous to the TiO, thin films, ZrO, ones were prepared
using ZrQO, nanoparticle dispersions or a precursor solution
based on ZrOCl,-8H,0 instead of an alkoxide. In our previous
paper, we demonstrated that the utilized precursor forms a
tetrametric structure of [Zr,(OH)]*" consisting of two
hydroxyl groups connected to a Zr* center, which facilely
condensates around the PEO units of the used diblock
copolymer PIBgy-b-PEO,s and hence compensates the stress
uptake.

Figure 7 depicts the intrinsic in-plane stress development of
the mesoporous ZrQO, thin films. In good agreement with the
stress study of the TiO, films, the nanoparticle-derived
mesoporous thin films show a lower overall in-plane stress
than the sol—gel-derived ones and a significant increase in the
in-plane stress at around 270 °C caused by the template
decomposition. This finding verifies most of the above
mentioned assumptions. The crystalline nanoparticles and
their interparticular porosity lower the stress as the interfacial
contact area between the particles is generally lower than the
rigid metal-oxo network of the sol—gel-derived thin films. At
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Figure 7. (left) In-plane intrinsic stress of the nanoparticle (green) and sol—gel-derived (black) mesoporous ZrO, thin films templated by PIBgy-b-
PEO,; during the annealing step up to 500 °C. (right) GI-XRD investigation of analogously prepared thin films at different firing temperatures. The
reference patterns for the tetragonal (ICSD 98-065-3671, orange) and monoclinic ZrO, (ICSD 98-008-0046, black) are also displayed.

500 °C, we do not observe a stress increase for the
nanoparticle-derived films, which may be related to the
absence of crystallite growth determined by GI-XRD (Figure
7) for the nanoparticle-based mesoporous film. The XRD
results show the tetragonal phase for the nanoparticle-derived
and a mixture of the tetragonal and monoclinic structure for
the sol—gel-derived thin films at 500 °C, while only the latter
shows a growth in the crystallite size based on the Scherrer
equation. This phenomenon is in good agreement with the
findings of Suchomski et al.'® showing the beginning of the
crystallite growth at annealing temperatures above 550 °C
accompanied by the formation of the monoclinic phase. In
addition, the used small nanoparticles possess a high specific
surface area favoring the formation of the tetragonal instead of
the monoclinic phase even at higher temperature based on the
thermodynamic investigations by Navrotsky on the poly-
morphism of ZrO,.**

Residual Stress of the TiO, and ZrO, Thin Films.
Besides the intrinsic in-plane stress development during the
heating up to 500 °C, also the residual stress using annealing
temperatures of 300, 400, ..., 1000 °C and subsequent cooling
down to room temperature was studied for the TiO, and ZrO,
mesoporous thin films. With this approach, the influence of
pore collapsing and particle growth on the stress was studied.
The results for the TiO, and ZrO, thin films are shown in
Figure 8 together with the corresponding SEM recordings.

When referring to the residual stress, the difference in the
thermal expansion coeflicient of the substrate and the film has
to be taken into account in greater detail. While the
investigation of the intrinsic stress only considers temperatures
up to S00 °C during the heating procedure, the residual stress
analyses of the films are performed at elevated annealing
temperatures of 1000 °C and the subsequent cooling step back
to room temperature. During the cooling process, the used
silicon substrate and the coated metal oxide will not shrink
identically and hence leading to an increased in-plane stress. If
the thermal expansion coefficient is higher than the one from
silicon (@ = 2.5 X 107 K™1),* further tensile stress is
expected after cooling down to room temperature. This
difference in stress from the heated state and at room
temperature is known as thermal stress and is directly related
to the Young’s Modulus E of the material.

In the case of TiO,, the thermal e?ansion coefficient of bulk
titania is @, = 10.2 X 107 K™% In a porous material, the
thermal expansion is expected to be slightly lower'® compared
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Figure 8. Residual in-plane stress development from 300 until 1000
°C of the mesoporous TiO, and ZrO, thin films prepared using a
nanoparticle dispersion (NP meso) and a sol—gel precursor solution
(SG meso). In addition to a comparison with nanoparticle-derived
thin dense films (NP), also the SEM images at 300, 500, 700, and 900
°C are depicted.

to the one for bulk anatase but still higher than the one from
the silicon substrate. Therefore, a tensile stress is anticipated,
which we could verify for the TiO, thin films.

At first sight, the nanoparticle-derived mesoporous TiO, film
experiences the least residual in-plane stress compared to its
other TiO, counterparts. In the beginning from 300 until 400
°C, the sol—gel-derived thin films are confronted with higher
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in-plane stress than the other films. They are amorphous,
which was verified by GI-XRD (Figure 9A), in contrast to the
nanoparticle-derived films. Hence, the stress decrease of the
precursor solution-derived thin film is assigned to the
temperature-induced atomic diftusion and the consequential
crystallization in the anatase structure. The similar stress
behavior of the nanoparticle-derived films in comparison with
the amorphous sol—gel-derived film indicates that the
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Figure 9. (A) X-ray diffraction patterns of the dense (red) and
mesoporous thin films using a TiO, nanoparticle dispersion (blue)
and sol—gel precursor solution (black) after different annealing
temperatures ranging from 300 to 1000 °C. In addition, the anatase
reference pattern (ICDS 98-015-4604) is shown. (B) Comparison of
the calculated crystallite size using the Scherrer equation for the TiO,
films in dependence of the annealing temperature. The dashed line
shows the pore wall thickness determined for the sol—gel-derived
mesoporous thin film at 300, 400, and 500 °C. (C) GI-XRD
investigation of analogously prepared thin films at different annealing
temperatures from 300 until 1000 °C. The reference patterns for the
tetragonal (ICSD 98-065-5671, orange) and monodlinic ZrO, (ICSD
98-008-0046, black) are also displayed.

crystallization process in the sol—gel-derived film has a direct
impact to lower the stress in the system.

From 500 until 700 °C, the residual stress does not differ
much among the investigated TiO, thin films as the mesopores
as well as the interparticular pores compensate a possible stress
build-up. For temperatures higher than 700 °C, the residual
stress of all films increased significantly. The SEM images of
the sol—gel-derived mesoporous thin films reveal the collapsing
of the pores. In addition, the nanoparticle-derived films show a
growth of the visible particles (SEM) and the crystallites using
GI-XRD (Figure 9B). At 700 °C, the crystallite size exceeds
the pore wall thickness determined by SEM, leading to the
deformation of the pores. In addition, the higher crystallite size
equals to a less amount of grain boundaries between the
particles, leading to a higher elastic constant and a larger
thermal stress generated during the cooling process. Hence,
the combination of crystallite growth and the consequential
pore collapse increases the stress. The detected crystal phase of
the TiO, films remains anatase although the thermodynami-
cally more stable rutile phase may be usually observed above
700 °C. Similar to the ZrO, nanoparticles and the tetragonal
phase, this phenomenon is based on the small particle size of
TiQ,. Zhang and Banfield*” demonstrated with the help of the
surface free energy that anatase is the dominant crystal phase
that transforms to rutile after reaching a greater crystallite size,
which in regard to our results is not acquired even after 1000
°C.

While the residual in-plane stress rises significantly up to 4
times in value at 900 °C compared to 700 °C for the sol-gel-
derived mesoporous and nanoparticle-derived dense TiO, film,
the nanoparticle-derived mesoporous TiO, only increases to
twice its former value. This phenomenon is explained by taking
the porosity of the films into account. Although the SEM
images give a local impression of the pores, the average
porosity can be calculated using the refractive index my, g,
determined via spectroscopic ellipsometry. With the following
eq 2* and the assumption that the film consists of dense
anatase with a refractive index n,, .. = 2.52*¢ and air as pores
(1), the porosity of the films in dependence of the annealing
temperature is computed.

f Bl
6= anatase thin film % 100%

Mynatase — Mair (2)

The results are shown in Figure 10. The calculated porosities
for the nanoparticle-derived “dense” and mesoporous films are
quite different due to the incorporation of mesopores. While
the sol—gel-derived films owe their porosity solely to the
mesopores, the nanoparticle-derived dense films porosity
develops from the gaps between the nanoparticles. The
combination of both types of porosity is observed for the
nanoparticle-derived mesoporous films eventuating in the
highest detected porosity among the investigated films. Figure
10 also reveals the similarity between the nanoparticle films as
the porosity slope decreases parallel when reaching an
annealing temperature of 500 or 600 °C. Additionally, the
porosities of the nanoparticle dense and the sol—gel-derived
mesoporous TiO, thin films are in the same range and lower
than those of the nanoparticle-derived mesoporous film. The
dependence of the porosities resembles the residual stress
between 700 and 1000 °C for the nanoparticle-derived films.
Hence, this comparison explains the observation that both the
intrinsic and residual stresses are the lowest for the
nanoparticle-derived mesoporous film possessing the highest
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addition of the diblock copolymer in dependence of the heating
temperature. The porosity was calculated via eq 2.

porosity. In the end, all the investigated films turn into dense
TiO, at elevated temperatures resulting in a higher thermal
expansion coefficient than the porous films and greater
difference compared to the silicon substrate. The higher
disparity of the thermal expansion coefficient between the
silicon substrate and the TiO, film eventually leads to an
increased thermal stress eventuating in an overall higher tensile
stress observed in Figure 8 at higher temperatures.

To transfer this assumption to metal oxide films in general,
also ZrO, mesoporous thin films were investigated regarding
the residual in-plane stress (see Figure 8). In contrast to the
TiO, thin films, the overall detected residual stress is lower and
even compressive (<0 MPa) for the sol—gel-derived ZrO, film
at 500 °C at which the material crystallizes in the tetragonal
phase (Figure 9C). The detected compressive stress is derived
from the lower thermal expansion coefficient of the present
ZrQ, crystal phase in comparison with the one from the silicon
substrate. However, analogously to the TiO, films, the
determined residual stress slopes also indicate for the
nanoparticle-derived mesoporous ZrO, film that the porous
structure has indeed a compensating effect for the stress build-
up as the residual in-plane stress increases significantly after
700 °C at which the SEM recordings still verify the
mesoporous structure.

A major difference in the residual stress development
compared to the TiO, films is the higher stress for the
nanoparticle-based ZrO, films in comparison with the sol—gel-
derived ZrO, thin films. To explain this finding, we need to
take again the thermal expansion coefficients into account. In
the case of ZrO,, two different crystal structures are detected
via GI-XRD (Figure 9C): the monoclinic and tetragonal
phases. The GI-XRD data show that with higher temperatures,
the sol—gel-derived mesoporous ZrQO, thin films exhibit the
tetragonal phase and switch then at around 700 °C to the
monoclinic structure, becoming more and more dominant for
higher temperatures, while the nanoparticle film remains
mainly in the tetragonal phase. However, the different crystal
structures possess different thermal expansion coefficients,
namel}’: Fmonoclinic = 7 X 10_6 K_] and atetmgonal =12 X 10_6
K'.*’ As the difference in the thermal expansion coefficients
between the silicon substrate (ag = 2.5 X 107 K™!) is larger
for the tetragonal than for the monoclinic phase, a higher
thermal stress and therefore a higher tensile residual stress for
the nanoparticle-based ZrO, films are detected.

B CONCLUSIONS

Our study shows subsequent analyses of the intrinsic (in situ
up to 500 °C) and residual in-plane stress after different
annealing temperatures and quenching to room temperature of
mesoporous TiO, and ZrO, thin films using sol—gel and
nanoparticle dispersions as start solutions. With this approach,
the effects of the mesoporous structure and the pore collapse
on the in-plane stress development were evaluated.

The investigations of the intrinsic in-plane stress revealed
the lowest stress values for the nanoparticle-derived meso-
porous system, which is ascribed to the combination of the
relaxing effects of the utilized diblock copolymer PIB;,-b-
PEO,; and the interparticular gaps between the precrystalline
nanoparticles.

Regarding the residual in-plane stress development, the
results for the TiO, films confirm the lowest stress values for
the nanoparticle-derived mesoporous films, which is assigned
to the higher porosity verified by spectroscopic ellipsometry
and SEM investigations, leading to a stress-decompressing
effect. ZrO, films showed an opposite behavior of the
nanoparticle films having a higher overall stress than the
sol—gel-derived ones. Here, the different detected crystal
phases via GI-XRD and the consequently different thermal
expansion coeflicients lead to the result that the dominant
crystal structure has a high influence on the experienced in-
plane stress.

This work shows that due to the low intrinsic and residual
in-plane stress development, mesoporous thin films prepared
by using nanoparticle dispersion are preferred when desiring
thicker films as the risk of possible cracking and the
interrelated loss of specific material properties are the lowest
of the investigated films here. Our study is another step to
further understand the mechanical properties of mesoporous
structures and how to tailor them for future applications.
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ABSTRACT

The physicochemical properties of thin metal oxide layers are strongly dependent on the
deposited layer thickness and thus differ significantly from its bulk counterpart. In this
work, we present the growth of defined thin layers of CeO> within mesostructured ZrO>
thin films using atomic layer deposition (ALD). The prepared films consist of a cubic or-
dered arrangement of 15 nm spherical mesopores induced by the used diblock copolymer
poly(isobutylene)-block-poly(ethylene oxide) (PIBso-b-PEQ4s), which allows studying the
growth process and the successful coating of the interior pore surfaces via the combination
of scanning electron microscopy (SEM), time-of-flight mass spectrometry (ToF-SIMS) and
laser ellipsometry. These methods prove the CeO; layer growth and impregnation of the
pores up to 100 ALD cycles, at which the interconnecting channels between the mesopores
layers are filled completely impeding further transport of the gaseous CeO- precursors. X-
Ray photoelectron spectroscopy (XPS) and diffractometry (XRD) measurements point out
the increased amount of Ce*" after a low amount of ALD cycles and show the presence of
cubic CeO» with rising cycle counts, respectively. Impedance spectroscopic investigation
further prove the formation of a continuous CeO> path through the entire porous network
of the insulating ZrO> film and show a strong influence of the layer thickness on the con-
ductivity. All in all, our work presents the preparation of novel hybrid CeO2/ZrO; model
systems, which enables to tailor their physicochemical properties by changing the thickness
of the active oxide layer and promises improvements for their use as catalysts in oxidation

reactions.
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CeOz is well known for its unique redox trait to switch easily between Ce** and Ce*". It
is therefore capable of catalyzing redox reactions as well as incorporating and releasing
oxygen resulting in mixed ionic-electronic conductivity. Hence, CeOs is studied and indus-
trially used as a solid oxide fuel cell (SOFC) electrolyte! and oxygen storage catalyst in
automobiles, soot combustion and the HCI oxidation.*® Yet, these mass technologies
would still benefit from improved properties in terms of activity and stability of CeO»-
based catalysts. Recent studies on thin CeO- films indicated that the aforementioned prop-
erties can be tuned and potentially optimized. For instance, Sun et al. showed that thin
layers of CeO2 on ZrO> nanoparticles enhanced the catalytic activity as well as the stability
in the corrosive HC1/O2/Cl, atmosphere.” In addition, Gopal et al. revealed the impact of
biaxial strain in ultrathin CeOo- films on the oxygen storage properties.® These studies
indicated that the physico-chemical properties of CeO2 on a support material can be tailored
by carefully adjusting the layer thickness on the nanometer scale.

In literature, the most prominent nanostructured examples are core-shell nanoparticles
maximizing the interfacial area between two components, which lead to improvements in
various applications. For instance, ZnO shells on SnO> nanorods improve the selectivity of
the sensor in H» gas sensing.” Changing the thickness of y-Fe>Os layers on a Fe3O4 core

tailors the magnetic properties used in hyperthermia treatment.'”

Promising properties of
such core-shell nanostructures have already been discussed also for CeOx. It was reported
that the Ce**/Ce*" ratio is adjusted by the CeOx layer thickness on a TiO> nanoparticle core,
thereby effecting its redox abilities.!! Such dependence is supported by theoretical calcula-
tions revealing the influence of the substrate as well as the layer thickness on the formation
of Ce*" species!? and thus the formation of oxygen vacancies. By increasing the film thick-

ness and hence, decreasing the surface-to-bulk-ratio, the formation of Ce*" is favored re-

sulting in bulk-like redox properties of the mixed ion-electron conductor. Sayle et al.'® as
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well as Migani et al.'* studied the influence of the particle size or layer thickness of CeO,
on the activity in redox reactions by theoretical calculations of the oxygen vacancy for-
mation energy. Both groups concluded a non-linear dependency on the particle size with
Sayle et al. suggesting a minimum of the oxygen vacancy formation energy and highest
oxygen depletion level for particles with a dimension of 3.5 nm .

However, most of the impregnation attempts concerning core-shell materials suffer from
an inhomogeneous and non-conformal coating due to nanoparticle agglomeration or unpre-
dictable movement of the particles during the deposition or impregnation procedure. These
issues are avoided by using a more suitable substrate such as mesoporous metal oxide thin
films possessing a defined and continuous porous framework, which allows to access the
interior surface area. In comparison with nanoparticles, mesoporous structures provide a
fundamentally better model system for its defined impregnation with a different material.

In order to cover the pore surfaces with the desired thickness, the layer growth using
atomic layer deposition (ALD) has gained considerable scientific interest in the last
years.!>"!7 Thanks to its operation mode including the separation of the gas-solid reactions
with inert gas purging step, the deposition of the desired metal oxide species is performed
layer-by-layer. Hence, the ALD technique gives the possibility to impregnate even more
complex substrates such as porous and mesoporous thin films with an atomic-level control
of the formed layer and its thickness with significant reproducibility.'®?° Thus, the ALD
method classifies as superior in comparison with wet-chemical approaches such as wet-
impregnation®!, co-condensation®? and grafting®® as well as physical attempts such as phys-
ical vapor or pulsed layer deposition.

Despite its benefits, the deposition in porous thin films with pore diameter below 50 nm

remains challenging due to the difficulty of achieving and proving the conformal coating
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of the interior pores. In order to overcome these issues, the deposition procedure was stud-
ied in detail with various characterization techniques elaborating the growth process and
studying the effect of the active shell material on specific material properties.”*>’ For in-
stance, Detavernier et al. presented comprehensively the combination of ellipsometric po-
rosimetry (EP) and X-ray fluorescence studies to describe the growth process in porous
substrates.?® Also, this group demonstrated the “bottleneck” of the deposition procedure of
TiO2 and HfO: in Pluronic® F127-templated mesoporous SiOz and TiOz thin films, respec-
tively, which is dependent on the size of interconnecting channels between the bigger pore
layers.!”?8% The latter result was verified by our group using ordered mesoporous
Ceo.5Zr0.502 (CZO) thin films and depositing TiO: layers by ALD.*® The films were syn-
thesized using the diblock copolymer poly(isobutylene)-block-poly(ethylene) oxide re-
ferred to as PIBso-b-PEO4s, which our group uses to fabricate different metal oxides includ-
ing TiO2*!32, indium tin oxide**, Al,Os** and Ce,Zr1..0,* as it provides a 3D network of
spherical mesopores with 15 nm in diameter connected by smaller channels. Hence, the
defined pore size and their connection using this type of material allows studying the ALD-
based deposition in greater detail and more accurately in comparison with non-ordered
films, and thus the impact of the deposited layer on physicochemical properties can be
investigated more deeply.

Following this strategy, in this study mesoporous ZrO> thin films with an ordered ar-
rangement of around 15 nm are prepared and impregnated with CeO: using ALD. Based
on our previous study>’, the coated mesoporous films are investigated by several state-of-
the-art characterization techniques to understand the growth process inside the mesoporous
network, using Ce(thd)s and O3 as the corresponding precursors. X-ray photoelectron spec-
troscopy gives insight about the Ce**-content dependent on the thickness of the prepared

CeO; layer. In order to elucidate the influence of the CeO> layer thickness on physico-
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chemical properties, the conductivity is examined using impedance spectroscopy, to elab-
orate on its different transport mechanism occurring when varying thickness and pore clog-
ging. Due to the low conductivity of ZrO», a deposition of CeO> layers is easily detectable
by an increase in conductivity and delivers additional insight into covering the mesoporous

network as well as the oxygen vacancy formation.

Results and Discussion

The mesoporous ZrO thin films were prepared via the so-called EISA approach’® using a
solution containing ZrOClz - 8 H20 and the structure-directing agent PIBso-b-PEO4s in a
mixture of ethanol and 2-methoxy-ethanol. The solutions were deposited on partially oxi-
dized [110] silicon wafers using spin-coating in order to fabricate thin films of 40 nm thick-

ness. The films were subsequently freed from the polymeric template by an annealing step
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Figure 12: Schematic overview of the strategy for studying the atomic layer deposition (ALD)

of thin layers of CeO: in the mesoporous matrix of ZrO; thin films with pore sizes of 15 nm.
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at 600 °C leading to the crystallization into the tetragonal phase of ZrO and the formation
of a cubic arrangement of the mesopores. The obtained pore size of around 15 nm is deter-
mined by the used diblock copolymer PIBso-b-PEQus. In addition, the layers of the spheri-

37,38

cal mesopores are connected via small channels’’°°, which are essential for the gaseous

ALD precursors to infiltrate the porous structure and reach every pores’ surface. The char-
acteristics of these films are described in more detail in previous works.*!

The mesoporous ZrO; thin films were cut into 1x1 cm? pieces and transferred to the ALD
instrument alongside blank Si[110] substrates as references. The latter were used to meas-
ure the CeO; film thickness and to determine the growth rate for the applied deposition
parameters. The thickness was measured by laser ellipsometry and reveals a growth rate
per cycle (GPC) of 0.029 nm / cycle (see Figure S1). However, only the thicknesses of 75
cycles and above were taken into account as the thickness of the CeO; layers after a lower
number of ALD cycles is below the detection limit of the laser ellipsometer setup. The
deposition rate is linear for higher number of ALD cycles and a non-linear trend occurs in
the first ALD cycles. In the beginning, the growth is aggravated as the precursor connects
to the Si-OH groups of the partially oxidized silicon wafer. After one cycle it reacts with
Ce-OH groups assuming that the Ce(thd)4 chemisorbs as a perfect monolayer on the whole
substrate. In our previous work®® we showed that a higher dwell time leads to a higher
saturation per cycle of the substrate surface enhancing the growth rate. The higher dwell
time during the procedure also facilitates the deposition on complex substrates just like the
mesoporous ZrO> thin films used here. It provides enough time for the gaseous precursor
to diffuse through the interconnecting channels into the porous structure and chemisorb on
the inner pore surfaces. However, it has to be considered that the deposition rate may differ
for the mesoporous ZrO; compared to the silicon wafers. On the one hand, the chemisorp-

tion process on different materials is dissimilar. On the other hand, the distinct roughness
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of the substrates also exerts an impact on the number of sorption sites accompanied with
steric hindrance influencing the growth rate.>**

Figure 2 reveals that the refractive indices as well as the thickness of the mesoporous ZrO>
substrate changes after a certain number of ALD cycles based on the ellipsometric meas-
urements. Except the result after 15 cycles, the thickness increases linearly with rising
amount of ALD cycles from originally 42.8 nm to 49.1 nm after 150 cycles resulting in a

6.3 nm thick CeOz layer, which is in good agreement with the obtained thickness results on

Si substrates (see Figure S1). While this indicates the formation of a top layer growing on

Q o Mesoporous ZrO,
_C 7 .o .................................................................................................
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Figure 13: Thickness (top) and refractive index (bottom) of the mesoporous ZrO» film
before and as a function of the number of ALD cycles, determined by laser ellipsometry
performed using A = 633 nm. The difference in size between the sample before and after
the deposition via ALD as well as the refractive index of tetragonal dense (solid line), mes-
oporous (dashed line) ZrO> (blue) and CeO> (green) are also displayed. The latter is based

on ellipsometric studies of the deposited CeO; film on Si[110] substrates.

- 150 -



3.5 Atomic Layer Deposition of Defined Thin CeO, Layers in Ordered ZrO; Films and Their Impact on the lonic/Electronic Conductivity

the mesoporous ZrO> substrate, the enlarging refractive indices is assigned to a CeO; dep-
osition inside the pores of the substrate. The saturation slope at higher cycles supports this
assumption as the pores might diminish in size increasing the refractive index significantly
after the first cycles due to the CeO: possessing a remarkably higher refractive index of
2.3%! than the mesoporous ZrO: film. Hence, the porosity in the films decreases and the
refractive index rises. After 75 cycles the increment of the refractive index is lowered due
to the interconnecting channel being clogged so that the upcoming cycles only add a layer
on top of the substrate. However, the resulting refractive index after 150 cycles is still
smaller than the index of dense tetragonal ZrO, as well as a cubic CeO> layer indicating
that the pores are not completely filled approving the theory of the clogged interconnected
channels preventing further deposition in the pores at higher ALD cycle counts.

The films were investigated by ToF-SIMS using depth profiling and tracing the secondary
ions CeO", ZrO™ and Si to evaluate the existence of CeO, species inside the pores of the
ZrO> matrix (see Figure 3). These measurements reveal two decisive results. First, the CeO"
species’ signal increases with higher amount of ALD cycles indicating the formation of a
small top layer of CeO;, before it reaches the porous ZrO; substrate after 100 cycles. Sec-
ond, CeOx is homogeneously distributed in the film accounted by the CeO™ count slope

which is parallel to the ZrO™ one representing the mesoporous substrate. Furthermore, both
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species decrease equally when reaching the silicon substrate marked by the Si-signal. How-
ever, one has to consider the different ablation rates of the different ionic species preventing
a precise calculation of the Ce and Zr content. A semiquantitative analysis can be performed
nonetheless, as the same instrumental parameters including the same analysis current were
used. Hence, the signal ratio of CeO™ and ZrO™ was determined after a sputter time of 100 s
for all of the coated films. The results are also shown in Figure 3 illustrating the process of
the pore coating, which is in good agreement with the ellipsometric studies of the refractive
index and includes a saturation after 100 cycles. Here, the intensity of the CeO™ species
remains nearly constant with respect to the ZrO™ signal showing that after 100 cycles only
the top layers grow in thickness with further deposition cycles, while the pores in the sub-

layers are not accessible anymore. This phenomenon is additionally visualized in Figure 4,
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Figure 14: ToF-SIMS depth profiles of the mesoporous ZrO» film after 15, 50 and 100
ALD cycles. Next to the ions deriving from the thin film (ZrO™ and CeO) the signal from
the utilized silicon substrate (S1°) is depicted by plotting the secondary ion (SI) counts log-
arithmic as a function of the sputter time. In addition, the signal ratio of CeO™ and ZrO™ at

100 s of sputtering in relation to the ALD cycles is shown.
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Figure 15: 3D topographic images based on the ToF-SIMS depth profiles are displayed
for the untreated mesoporous ZrO> films as well as after 25, 75 and 150 ALD cycles. The

z-axis corresponds to the sputter time.

showing the 3D profiles generated from the ToF-SIMS data. After a certain number of ALD
cycles, only the top layer of CeO™ species grows in size while the interior of the mesoporous
film maintains the same CeO7/ZrO" intensity ratio.

The pore morphology was investigated using SEM with a focus on the pore diameter
changes with raising amount of ALD cycles. The results shown in Figure 5 point out a
similar saturation slope like the ToF-SIMS study. The pores shrink faster in diameter within
the first ALD cycles than after 75 cycles. This can be interpreted as a further evidence for
the closing of the interconnected channels between the mesopore layers. The mesopores on
top of the film are still observable deriving from the pillar growth of CeO; around the pores
in the top layer and decreasing only slightly in their lateral diameters and thus, consolidat-
ing gradually. The EDS analyses (Figure 5) of the coated films show an increasing ele-
mental Ce/Zr-ratio for growing number of ALD cycles. Due to the high penetration depth

of EDS, the technique does not allow to determine whether the stronger signal derives from
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Figure 16: SEM and EDS investigations for the uncoated and coated mesoporous ZrO»
films. (/eft) Pore size determination using the given SEM images (black) as well as EDS
analyses to calculate the elemental Ce/Zr-ratio of the coated films in dependence of the
amount of ALD cycles. (right) Top-view SEM recordings revealing the morphological
changes of the porous structures.

the top layer or the coating of the pores. However, in combination with the ToF-SIMS

investigations, the detected signals from Ce originate from CeO; deposited in the meso-

pores. As Figure 5 also reveals a saturation curve but with a smaller slope compared to the

results obtained by ellipsometry, SEM and ToF-SIMS, the increase in the EDS signal after

75 cycles is assigned to the growing top layer. When depositing CeO; on the pore surfaces

as well as on the top of the mesoporous substrate, relatively more material is added on the

film in comparison with covering solely the surface on a flat substrate after 100 cycles due

to the difference of their respective specific surface area.

To conclude the structural investigations of the CeOz-coated mesoporous ZrO; thin films,

the deposition process after 5 and up to 150 cycles was successfully tracked by the combi-

nation of ToF-SIMS, SEM, EDS as well as ellipsometric studies. After around 100 cycles,

the interconnecting channels between two mesopore layers are completely filled preventing
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the gaseous ALD precursor to reach the inner pore surfaces and therefore, only the top layer

on the complex substrate is growing.

While these structural investigations prove the existence of CeOy species inside the meso-
porous network, the question remains, which crystal structure and how much Ce*" is present
in the ZrO; substrate in regards to the amount of ALD cycles. The first question can be
answered by taking GI-XRD measurements into account (see Figure 6), revealing the te-
tragonal phase of ZrO,. At 50 cycles, a small shoulder becomes visible in the diffraction
pattern at 28°, which can be assigned to the (111) reflection of CeO». The signal sharpens

and possesses a higher intensity with increasing number of ALD cycles deriving from the
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Figure 17: (left) XRD pattern of the mesoporous ZrO> thin films before and after the ALD depo-
sition using different numbers of cycles. (right) XRD pattern of the mesoporous thin film after 150
ALD growth cycles followed by an annealing step at 550 °C for 10 h. In both cases the reference
pattern for the cubic lattice of tetragonal ZrO» (ICDS 98-065-5671, blue) and cubic CeO, (JCPDS

98-016-7160, green) are also shown.

raising crystallite growth and the present amount of the deposited material. Due to the high
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Figure 18: (left) XPS study of Ce3d spectra of the CeO»-coated mesoporous ZrO» films.
The v’’’ band correspond to Ce*" while u” band can be assigned to the Ce*" species. (right)
Evaluation of the XPS study regarding the Ce*" content (black) as well as the relative Ce

content in the mesoporous ZrO; film (green) depending on the number of ALD cycles.

surface area of the mesoporous ZrO; substrate, the amount of deposited CeO, is multiplied
and leads to the detectability of the cubic CeO; in and on the film. As no visible formation
of a top layer is determined by ToF-SIMS at 25 cycles, we can conclude that the observed
(111) reflection originates from CeO> inside the mesopores. Moreover, an additional an-
nealing step of 550 °C (10 hours) refutes the formation of a possible CeO»-ZrO; solid so-
lution (see Figure 6). Thus, the CeO: layer is preserved even at elevated temperatures,
which is essential for the interpretation of the temperature-dependent total conductivity ex-
periments. Lastly, XPS studies show the Ce*" content dependent on the number of ALD

cycles used in the deposition procedure giving values ranging between 85% and 20%. In

- 156 -



3.5 Atomic Layer Deposition of Defined Thin CeO, Layers in Ordered ZrO; Films and Their Impact on the lonic/Electronic Conductivity

Figure 7, we observe the expected bands in the Ce 3d region for CeO; for higher cycle
counts. Next to the six signals deriving from CeO2 (v, v’’, v’’’ and u, u’’, u’’’), we also
take the four additional signals from Ce203 (v0, v’ and u0, u’) into account. Based on the
findings of Skala ef al.** we used a combination of two signals to fit the observed asym-
metry of u and v resulting in better fit conditions. After the first cycles only the band be-
longing to Ce>O; is observable. Granozzi et al.'' also showed this phenomenon on TiO:
nanoparticles explaining this effect as interface stabilization of Ce*". With additional ALD

299

cycles, the u’’’ band is observed indicating the formation of CeO; and increasing the
amount of Ce*’, respectively. Until 25 cycles, the Ce**/Ce*'-ratio decreases significantly
which is affected by the higher layer thickness according to Agnoli et al..'” Due to the low
penetration depth of around 5 nm, the XPS recordings depict the Ce-content inside the mes-
oporous ZrO; structure. Taking the ellipsometric results into account revealing the top layer

thickness to be around 5 nm after 100 cycles, the obtained value for Ce*" considers also the

layers in the inner pores. After 150 cycles, only the top layer is analyzed giving the lowest

ZrO

Zro,

Figure 19: Schematic model of the CeO» deposition in the mesoporous ZrO; film using
ALD. CeO2 covers firstly the surface of the 15 nm mesopores as well as the smaller inter-
connecting channel leading to a decrease in the average pore size. The CeO layer in the
pores grows with increasing number of the ALD cycles leading to the closing of the chan-
nels and prevents the gaseous precursor to reach the inner pore layers. Hence, pores in the
topmost pore layer remain and additional ALD cycles result in a thicker layer on top of

the film.
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relative content of Ce*" with around 20%. Hence, we believe that the Ce*" content inside
the pores is higher but cannot be detected by XPS due to its small penetration depth. How-
ever, for the following interpretation of the conductivity measurements, this option needs

to be considered.

Conductivity measurements

On the basis of the structural investigations of the mesoporous thin films coated with
CeO,, four of the acquired samples were chosen for impedance spectroscopy representing
the different growth stages of the CeO» layer (see Figure 8). The shown scheme reveals that
for every sample diverse causes have to be considered such as layer thickness, Ce*"-content

as well as interface effects. In addition, due to the low thickness of around 5 nm inside the
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Figure 20: Arrhenius plots of the total conductivity for the uncoated ZrO; film (blue)),

after 25 (black), 75 (green) and 150 ALD cycles (dark green).
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pores as well as for the top layer, a comparison with the transport properties of CeO: in its
bulk form is restricted. Figure 9 shows the measured total electrical conductivity for the
samples investigated under dry conditions and a constant oxygen partial pressure of
lg(p(0,)/bar) ~ — 0.67. The measurements were carried out in the temperature range be-
tween 200 and 500 °C. The tetragonal ZrO; sample shows the lowest electrical conductivity
compared to the measured conductivity of the CeOx-coated thin films. Using the Arrhenius
equation, the activation energy is found to be approximately 1.55 eV, which is typically
obtained for tetragonal ZrO; and characteristic for the transport of oxygen ions **~*6 Coating
the thin films with CeO: significantly changes the total conductivity. After 25 cycles, the
conductivity of the mesoporous thin film coated with ceria is increased by at least two
orders of magnitude compared to the pure ZrO; accompanied with a significant decrease in
the activation energy to 0.77 eV. After 75 cycles, the ZrO,-CeO; sample exhibits the high-
est value in conductivity and the activation energy is further decreased to about 0.47 eV.
Finally, in the case of the CeO,-ZrO; sample prepared by the deposition of 150 cycles, the
total conductivity decreases again and two transport regimes are observed. At low temper-
atures the thin films reveal the lowest activation energy of about 0.25 eV, which increases
to approximately 0.6 eV at temperatures above 450 °C. The increase in activation energy
for this sample is attributed to a non-negligible conductivity contribution of the mesoporous
ZrO; at high temperatures. While at low temperatures, the transport is dominated solely by
the ceria layer with a low activation energy, at higher temperatures the conductivity of the
ZrO; also contributes to the total conductivity of the CeO>-ZrO> composite, 1.e. Oyor =
0ce0, + 07r0,, and therefore results in an increase in activation energy.

The change in activation energy and total conductivity of the ceria coating can be under-
stood qualitatively when considering that the deposited CeO> coatings show a large amount

of Ce** which decreases with increasing cycle number as revealed by XPS measurements.
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In undoped CeO.s the concentration of Ce*" is directly related to the amount of oxygen
vacancies and thus to the non-stoichiometry o by the following defect equilibrium written
in Krdger-Vink notation (see Equation (1)):*748
, 1
2Cefe + 03 © 2Cece + Vi + EOZ(g) (1)

It is well known from literature, that in non-stoichiometric ceria the conductivity is dom-
inated by the transport of electrons, which occurs by a hopping mechanism.*-3° Here, the
electrons behave as small polarons jumping from a Ce*" ion to neighboring Ce** ions. Thus,
the electronic conductivity as well as the activation energy are strongly affected by the
amount of the Ce** ions in the system and thus the non-stoichiometry x. As reported by
Naik et al. and Tuller et al. the activation energy for the hopping process of the electrons
in CeOx.s increases with increasing non-stoichiometry x.*** Naik et al. determined an ac-
tivation energy of about 0.2 eV at x = 0.03, which increases nonlinear to approximately
0.55 eV for highly non-stoichiometric ceria compounds with §=0.2.* A comparable be-
havior is also found for our mesoporous ZrO;-CeO: thin films. According to our XPS re-
sults the ceria thin film after 25 cycles exhibits a Ce** amount of about 40% corresponding
to a non-stoichiometry of 0= 0.2. The obtained activation energy of about 0.77 eV is there-
fore higher as the value of 0.55 eV reported by Naik et al. for CeO,.swith a comparable
non-stoichiometry. This discrepancy is mainly attributed to a non-negligible ionic contri-
bution of the mesoporous ZrO: film, which reveals a significantly higher activation energy
of 1.56 eV. However, for the thin film after 75 cycles, XPS indicates a Ce** amount of
about 30%, i.e. a non-stoichiometry 6= 0.15. The corresponding activation energy of 0.47
eV is therefore in good agreement with the values of about 0.5 eV determined for highly
non-stoichiometric ceria with comparable oxygen deficiency. Finally, for the ceria thin film

after 150 cycles with an activation energy of 0.25 eV the non-stoichiometry of o= 0.1
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estimated from the XPS results is slightly higher than the expected value of 6= 0.06 ac-
cording to the results Naik ef al.. Not only the change of the activation energy can be cor-
related with the non-stoichiometry of the deposited ceria layer, but also the magnitude of
the conductivity. Here, a maximum in conductivity was also observed for ceria with 6 of
about 0.15 in excellent agreement with our results.*4

It is worth noting that the origin for the thickness dependence of the non-stoichiometry
and thus the much higher Ce*" amount in the ceria layer compared to bulk ceria at compa-
rable oxygen partial pressure is not clear yet. One possible reason may be that the grain
boundary density depends on the thickness of the ceria coating layer. As shown recently,
ceria grows epitaxially on ZrO»-based oxides with a grain size of a few nanometers when
using ALD.!® Thus, it is reasonable to assume that the coating layers exhibits a high grain
boundary density, which can significantly affect the defect concentrations due to the for-
mation of a space charge region at the boundary. As the formation of a space charge layer
results in an accumulation of electrons and a depletion of oxygen ions in the space charge

layer in the case of ceria,>!*>%

a high grain boundary density may be responsible for the
high Ce*" concentration in the coating layer.

It is also possible that the observed thickness dependence of the electronic conductivity
is due to variations of the surface area itself, where also a space charge layer is formed.’*>
With increasing number of ALD cycles, the pore size shrinks accompanied with a reduction
of the surface area and thus the electron concentration. However, further investigations are
necessary to elucidate in detail the influence of the coating morphology and the surface
area on the electrical transport properties in the CeO2-ZrO> composites.

It is furthermore worth noting that compared to findings of Hartmann et al.,® who inves-

tigated the transport properties of mesoporous CeO2-ZrO> thin films with a nearly identical
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pore structure, all of our calculated activation energies are significant lower. They deter-
mined the lowest activation barrier of 0.86 eV for a pure mesoporous CeO> film, while the
activation energies of the CeO-ZrO: solid solutions range from 1.0 to 1.3 eV. As these
values were also found by Chiodelli et al.’” using CeO»-ZrO, ceramics with grain sizes of
several micrometers, the herein reported low activation barriers are not directly due to the
mesoporous structure, but caused by the composite character of the samples with different
layer thicknesses of the CeO; coating deposited by ALD. As seen in Figure 9 the total
conductivity maximum is measured for the sample after 75 ALD cycles with a thickness of
around 3.4 nm according to the ellipsometric investigations (see Figure 2). This result
agrees well with the postulated optimum CeO; particle size of 3.5 nm by Sayle et al.'* who
investigated the oxygen vacancy formation energy as a function of nanoparticle size. How-
ever, this comparison with theoretical calculations needs to be addressed more deeply by
measuring additional CeO;-coated mesoporous ZrO, samples after different amount of

ALD cycles.
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Conclusions

Our study presented the deposition of defined thin layer of CeO: into an ordered mesopo-
rous ZrOz structure with 15 nm pores in diameter using a layer-by-layer approach using
ALD. The impregnation of the interior of the porous structure and the accompanied growth
process using Ce(thd)4 and Os as precursors were followed by ToF-SIMS, SEM and ellip-
sometric investigations. The combination of these characterization methods reveal that the
pores are filled up to 100 ALD cycles ensued by the formation of a CeO> top layer for
upcoming ALD cycles. This limit corresponds well with previous results and is accompa-
nied by pore clogging of the interconnecting channels between two mesopores layers.
Based on XRD analyses, the existence of cubic CeO after 50 ALD cycles derives from the
high amount of CeO; owned to the high surface area of the given ZrO> substrate. In addi-
tion, XPS measurements indicate the transfer from the presence of Ce** ions at lower ALD
cycles and hence, smaller layer thicknesses, to Ce*" dominating the deposited CeOx species
with rising cycle counts. Impedance spectroscopy studies for the CeO»-coated ZrO> sam-
ples after 25, 75 and 150 cycles exhibit a significant influence of the coating layer thickness
on the total conductivity of the CeO2/ZrO, composite accompanied with changes in the
activation energy of the transport process. As the Ce** content correlates with the ceria
layer thickness, the changes in conductivity are directly related to changes of the non-stoi-
chiometry of the coating layer indicating an additional electronic conductivity contribution
caused by small polaron hopping of electrons between Ce*" and Ce*" ions.

All in all, our work presents the preparation of novel hybrid CeO2/ZrO2 model systems,
which allows to tailor their physicochemical properties by changing the thickness of the
active oxide layer. In further studies, the influence of the layer thickness of CeO> on its

catalytic properties such as the oxygen storage capacity as well as the catalytic performance
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in oxidation reactions needs to be addressed. Furthermore, the deposition of CeO; on yt-
trium-stabilized ZrO> (YSZ), sharing the same cubic crystal structure, with a more detailed
look on their performance in the impedance spectroscopy and its usage as SOFC will be

studied.
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Experimental Section

Preparation of mesoporous ZrO: films

The fabrication of mesoporous ZrO> thin films using an EISA approach®>* was based
on a precursor solution of mole ratio, ZrOCl, - 8H2O:PIBso-b-PEO45:H20:2-methoxy-etha-
nol:ethanol of 1:0.005:18:10:35. 184 mg ZrOCl> - 8 H20 (99.9%, Alfa Aesar) were dis-
solved in 1 mL ethanol (99.8%, Merck) and 1 mL 2-methoxy-ethanol (99%, Alfa Aesar),
while 100 mg was added to 1 mL ethanol. Afterwards, both solutions were treated in an
ultrasonic bath at 35 °C and 80 kHz for 30 min. The solutions were cooled down to room
temperature and mixed together. After 5 min of stirring, 0.1 mL distilled H>O was added
to the solution to start the hydrolysis process.
After a stirring time of 90 min the solution was freed from agglomerates using 0.2 um
syringe filters. 100 pL of this solution were taken and deposited on a 2-inch Si[110] wafer
rotating at 1000 rpm for 60 s using a spin-coater-kit SCK-200P from Instras Scientific. The
relative humidity inside the chamber was kept constant at 20 % utilizing a custom-made
glass enclosure. The films were treated at such low relative humidity for additional 3 min
and then transferred in a preheated furnace at 130 °C to force the solvent to evaporate.
Afterwards, the films were aged at 300 °C in air for 12 h to remove the structure directing
agent. In the final step, the coated thin films were annealed to 600 °C under air to obtain
crystalline ZrO; thin films. In a final step, the films were cut into 1x1 cm? pieces for the

ALD deposition procedure.

Atomic layer deposition of CeO2

CeO; was deposited on Si[110] wafers and the mesoporous ZrO; thin films in a commercial

ALD system (PicoSun R200 Standard) at a deposition temperature of 250 °C
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A typical ALD cycle consists of a 2 s pulse of Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedi-
onato)cerium(IV) (97 %, abcr GmbH) with 150 sccm nitrogen carrier gas followed by a 60
s purging step with nitrogen. Then, ozone (produced by an AC-2025 ozone generator-2000
from Teledyne API) was pulsed for 2 s, followed by a 60 s purging step with nitrogen. In
order to enable access to every pore of the complex oxide, a dwell time of 60 s was intro-
duced,before excess of the precursor as well as byproducts were flushed out of the chamber.
The thin films were coated using 5, 10, 25, 50, 75, 100 and 150 cycles, which are labeled
as 5c, 10c, ..., 150c in the text. Additionally, ALD deposition with 25 cycles was carried
out with different dwell times of 30 s, 60 s and 120 s to evaluate the saturation of the sub-

strate surface.

Preparation of the Microelectrodes

Gold electrodes with a thickness of 300 nm were fabricated on the (un-)coated mesoporous thin
film cuts (1.5 x 1.5 cm?) by thermal evaporation through a shadow mask. Previously, a thin layer
of chromium of about 5 nm has been deposited to improve the adhesion of gold. The width and
length of the electrodes were 1 and 7 mm, respectively. The distance between the adjacent

electrodes was 1 mm.

Material Characterization

The crystalline phases of the mesoporous thin films were studied by grazing incidence X-
ray diffraction (GI-XRD) acquired from a PANalytical X Pert? MRD diffractometer using
an incidence angle of w = 0.25° and a scanning range of 26 = 20° till 70°. A scan speed of
0.6° min™' and step size of 0.01° were set. The crystallite sizes were calculated applying the

Scherrer equation® on the wide angle reflections. Scanning electron microscopy (SEM)
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images were recorded using the model Merlin by Zeiss with an acceleration voltage of
2 keV and a current of 50 pA. For an increased conductivity of the samples, the films were
sputtered with platinum for 10 s with an applied current of 40 mA. The thicknesses as well
as the refractive indices of the films were determined using a SE400adv laser ellipsometry
by Sentech equipped with a HeNe laser (633 nm). The samples were measured at the spe-
cific angle of 70° assuming a two-model system consisting of the ZrO> film and the Si[110]
substrate. For the time-of-flight secondary ion mass spectrometry (ToF-SIMS) a ToF-SIMS
5-100 model by lonTOF GmbH was used. The depth profiles were recorded using Cs ions

at 1keV and a current of 50 nA generating a 100x100 pm?

crater. However, only
50x50 pm? were analyzed with a resolution of 256x256 pixels? using a Bi(I) primary ion
source with an acceleration voltage of 25 keV. The measurements were carried out under
charged compensation.

X-Ray Photoelectron Spectroscopy analyses were performed by a PHI 5000 VersaProbe 11
from Ulvac-Phi employing an Al Ka radiation with 1486.6 eV. A spot with a diameter of
200 um was measured utilizing 50 W, 15 kV and 20 ms per step. A pass energy of 93.90
eV were applied for survey spectra, while 23.53 eV were applied for the detailed spectra of
Ce 3d and Zr 3d, respectively. Calibration was performed by defining the Cls peak at 284.8
eV. The software CasaXPS V2.3.17 was used for peak analysis. Next to the six signals

299

deriving from CeO2 (v, v’’, v’”> and u, u’’, u’’’), we also take the four additional signals
from Ce2Os (v0, v’ and u0, u’) into account.”’ Based on the findings of Skala et al.** we

used a combination of two signals to fit the observed asymmetry of «# and v resulting in

better fit conditions.
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Electrical Characterization

The electrochemical properties were investigated by impedance spectroscopy in the fre-
quency range from 10 mHz to 3 MHz between 200 and 550 °C with a Novocontrol Al-
pha-A impedance bridge and an AC amplitude of 100 mV. The measured impedance
spectra exhibit a single semicircle as typically observed for mesoporous thin films.*%
Thus, only the total conductivity of the samples was determined by evaluation of the im-
pedance spectra with a single R-Q-element using RelaxIS 3 software package. The
oxygen partial pressure in the gas atmosphere was controlled by Ar/O> gas mixtures.
Conductivity values were calculated using Equation (2):

! (2)
"

o]l [

1
o

where o is specific conductivity, R is resistance, [ is the thickness of the samples and A is

area of active electrode.
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4. Fazit und Ausblick

Ziel dieser Arbeit war die Entwicklung von mesopordsen CeO»-Materialien als Modellsys-
teme fiir die heterogen katalysierte HCI-Oxidation (Deacon-Prozess). Insbesondere wurde
der Einfluss von der Sauerstoffspeicherkapazitat und Leerstellenkonzentration mithilfe
von Seltenerddotierungen und Nanostrukturierung auf die katalytischen Eigenschaften
aufgeklart. Des Weiteren wurde die Préparation von neuartigen Modellsystemen in Form
von definiert abgeschiedenen CeO;-Diinnschichten in geordneten mesopordsen Substra-
ten beschrieben, welche die Auswirkung der OSC auf zukiinftige katalytische Messungen
noch weiter aufklaren werden.

Im ersten Teil der Arbeit wurden mit einem neuartigen Syntheseverfahren mesopordose
Ce0O;-Materialien auf Basis der Sol-Gel-Synthese hergestellt, die lGber eine kubische Po-
renstruktur von ca. 12-14 nm Mesoporen verfligen. Die mesostrukturierten Katalysatoren
besitzen im Gegensatz zu Nanopartikeln mit ahnlich groRen Oberflachen eine deutlich
bessere Zuganglichkeit fiir die gasformigen Reaktanden des Deacon-Prozesses. Dadurch
konnten morphologische Veranderungen in Folge der HCI-Oxidation anhand der bescha-
digten Mesoporenstruktur mittels Rasterelektronenmikroskopie (SEM) und Stickstoffphy-
sisorption verfolgt werden. Mithilfe von alio-/isovalenten Dotierungselementen (Gd3*,
Zr**, Pr3*/%*, Tb3*/4) wurde gezeigt, dass keine direkte Korrelation zwischen der OSC und
den katalytischen Eigenschaften im Deacon-Prozess besteht. Die hohe OSC(c) der Pr-do-
tierten Proben erzielte die geringste STY und die geringste Stabilitat. Aus den Ergebnissen
von Publikation 3.1. resultiert die Annahme, dass eine zu hohe Anzahl von Sauerstoffleer-
stellen, wie sie durch trivalente lonen induziert wird, geeignete Adsorptionsplatze fur die
Chlorspezies darstellt und die Formation von katalytisch inaktiven CeCls fordert. Wie in
anderen katalytischen Prozessen zeigte das Zr-dotierte CeO; neben einer hohen Sauer-
stoffspeicherkapazitat auch die beste katalytische Stabilitat.

Aufgrund dieser Resultate wurde das Synthesekonzept erweitert, um CeQ0;-ZrO;-Nano-
partikel mit wohldefinierten Stéchiometrien als Prakursoren fir den Prozess der Me-
sostrukturierung einzusetzen. Ein Vergleich zwischen den hergestellten aber unbehandel-
ten Nanopartikeln und den aus Nanopartikeln hergestellten Mesostrukturen demons-
trierte, dass durch die Mesostrukturierung die Zuganglichkeit der katalytisch aktiven Stel-
len erhdht wird. Wahrend die nicht-templatierten Nanopartikel in Agglomeraten mit zu-
falliger Anordnung vorliegen, ermdoglicht die Mesoporenstruktur einen verbesserten Kon-
takt mit den Gasreaktanden pro Zeit, was die dynamische OSC und die STY im Deacon-
Prozess im Vergleich zu den chemisch dquivalenten Nanopartikeln erhéhte. Die Konnek-
tivitat der Partikel spielt folglich eine entscheidende Rolle fiir die katalytischen Eigenschaf-
ten. Neben dem Einfluss des Zr-Gehaltes im CeO,-Gitter auf die OSC, wurde im Vergleich
mit nicht-templatierten CeO;-ZrO>-Nanopartikel eine verbesserte Stabilitat fir die me-
sostrukturierten Katalysatoren beobachtet. Zudem Uberstieg die bestimmte katalytische
Stabilitat der undotierten CeO,-Mesostrukturen die der Zr-dotierten Nanostdbe von Li et
al.'%1und der ebenfalls aus Nanopartikeln bestehenden Nanofasern von Méller et al.1179),
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welche mit der gleichen Apparatur gemessen wurden. Erste Messungen zeigten zudem,
dass die geringe Partikelanzahl pro Porenwand der mesostrukturierten Proben zu einer
hohen katalytischen Stabilitat im Deacon-Prozess fihrt. In zukiinftigen Ansatzen sollten
die Porenwdnde durch die Verwendung weiterer Softtemplate variiert werden, um den
Einfluss der Konnektivitdt mehrerer Partikel pro Wand auf die Sauerstoffspeicherkapazitat
und die katalytische Stabilitdt zu untersuchen. Denn die hier verwendeten templatierten
Ce0,-Zr0;-Mesostrukturen werden lediglich von den abgeschiedenen CeQO;-Diinnschich-
ten auf ZrO,-Nanopartikeln von Sun et al.'¥ hinsichtlich der katalytischen Stabilitat im
Deacon-Prozess liberboten. Dies lasst sich vermutlich auf die stabilisierende Wirkung der
Ce02-ZrO,-Grenzflache anstelle der hergestellten festen Losung aus Ce02-ZrO> in diesem
Projekt zurickfihren.

Um eine definierte Grenzflache zwischen CeO; und ZrO; zu erhalten, wurde im zweiten
Teil der Arbeit die Deposition von definierten CeO,-Schichten in mesopordsen ZrO,-Subs-
traten mithilfe der ALD entwickelt. Mit einer conformality-Studie auf hochgeordneten me-
soporosen Ce0;-Zr0O,-Oxiden, wurden geeignete Charakterisierungsmethoden getestet.
Eine Kombination aus gangigen Messmethoden wie ToF-SIMS, SEM, TEM, XRD und Ellip-
sometrie bewdhrten sich, um die komplette Bedeckung der Porenoberflache ebenfalls in
tieferen Porenschichten nachzuweisen. Die ermittelten Methoden sollen als Leitfaden fir
den Nachweis zukiinftiger ALD-Experimente auf mesopordsen Substraten dienen. Die
etablierten Messmethoden wurden auf die Abscheidung von CeO; auf mesopordse ZrO;-
Substrate Ubertragen. Dabei wurde die Prdparation sowohl von ZrO> als auch von TiO;
mithilfe mechanischer Verspannungsstudien und auf Basis molekularer Prakursoren und
Nanopartikeldispersionen optimiert. Porose Dinnfilme basierend auf molekularer Praku-
rsoren verfiigen iber eine erhohte Periodizitat der Mesoporen, weswegen das Aufwach-
sen von dinnen CeO,-Schichten besser mit bildgebenden Methoden aufgeldst und ver-
folgt werden konnte. Basierend auf XPS-Untersuchungen sinkt die Ce3*-Konzentration mit
steigender Schichtdicke von 75 % bei 0,5 nm (10 ALD Zyklen) bis zu 20 % bei 6,8 nm (150
ALD Zyklen). Die Impedanzspektroskopie-Messungen der CeO,@Zr0O-Substrate zeigen je-
doch ein Leitfahigkeitsmaximum nach 75 ALD-Zyklen mit einer Schichtdicke von 3,4 nm.
Dies stimmt sehr gut mit den theoretischen Berechnungen der Sauerstoffvakanzbildungs-
enthalpien von Sayle et al.[*37) (3,5 nm) Uberein.

Die vorliegende Promotionsstudie demonstriert folglich, dass die hier vorgestellten me-
sopordse Katalysatoren nicht nur fir katalytische Studien bestens geeignete Modellsys-
teme darstellen —um die Performance in katalytischen Prozessen systematisch zu studie-
ren — sondern sie sind auch ideale Substrate flir conformality-Studien zur Abscheidung
von Metalloxiden mittels ALD. Zudem ist die experimentell bestimmte OSC eine komplexe
Grole, die nicht untiberlegt mit der katalytischen Aktivitat in Oxidationsreaktionen korre-
liert werden sollte. Da die OSC von mehreren Faktoren wie der Anzahl von Sauerstoffleer-
stellen und deren Mobilitat abhdangt, muss fir die untersuchte Modellreaktion ermittelt
werden, welche der genannten Einflussfaktoren eine Rolle im katalytischen Prozess spielt.
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Im Falle der HCI-Oxidation ist eine zu hohe Anzahl von Sauerstoffleerstellen von Nachteil,
da es gemaR der Publikation in Kapitel 3.1. die Bildung von CeCls fordert. Dies stimmt sehr
gut mit vorangegangen Studien(?%? an einkristallinen CeOx(111)/Ru(0001)-Schichten lber-
ein, die eine moglichst geringe Konzentration an Sauerstoffleerstellen an der Oberflache
vorschlagt, um die Chlorierung der aktiven Oberflache zu vermeiden. Aus diesem Grund
sind die Ce0,-Zr0,-Oxide, welche lediglich die Bildungsenthalpie der Sauerstoffleerstellen
absenken und keine direkten Vakanzen induzieren, der richtige Schritt um CeO;-basierte
Materialien fur die HCI-Oxidation zu etablieren. Daher ist es keine Frage nach der optima-
len Sauerstoffleerstellenkonzentration, sondern viel mehr nach der chemischen Umge-
bung der aktivim Reaktionsmechanismus beteiligten Sauerstoffleerstelle. Der Einsatz von
CeO,-Einkristallen mit gezielter Dotierung von Zr nahe einer Sauerstoffleerstelle konnte
den Einfluss ihrer chemischen Umgebung auf die HCI-Adsorption bzw. Cl,-Desorption er-
mitteln. Auf Basis der mesostrukturierten Pulver kdnnen jedoch strukturelle Eigenschaf-
ten im Detail und unter realen Bedingungen betrachtet werden. Durch die Abscheidung
wohldefinierter diinner CeO»-Schichten auf die Mesoporenoberflache mittels ALD kénnen
die Ergebnisse von Einkristalluntersuchungen in die realen katalytischen Bedingungen
Ubertragen werden, da sich die aufzuwachsenden Schichten in den gleichen GroRendi-
mensionen (< 10 nm) befinden. Wie in dieser Arbeit gezeigt wurden, scheint unter realen
katalytischen Bedingungen im Flussreaktor neben der Zuganglichkeit der Sauerstoffleer-
stellen an der Oberflache auch die Mobilitat der Sauerstoffionen aus dem Bulk eine es-
sentielle Rolle fiir die OSC einzunehmen. Hierzu ist es notwendig, dass die Modellkataly-
satoren auch elektrochemisch speziell hinsichtlich der ionischen und elektrischen Leitfa-
higkeit analysiert werden. Eine Verknipfung der Elektrochemie und der Katalyse ist somit
notwendig, um Ce0;-ZrO>-Materialien fir heterogen katalysierte Redoxreaktionen zu op-
timieren. Obwohl die impedanzspektroskopischen Messungen aus Kapitel 3.5 bereits den
ersten Schritt darstellen, die Grenzflache zwischen CeO; und ZrO; elektrochemisch naher
zu untersuchen, fehlt es bei den Ce0,-Zr0O,-Oxiden noch an Verstandnis, wie die Mobilitat
der Sauerstoffionen und folglich die OSC von der gemeinsamen Grenzflache und der che-
mischen Umgebung beeinflusst wird.

Der nachste Schritt ware nun die Kombination der beiden in der Promotion behandelten
Teilziele: die Abscheidung der CeO,-Schichten auf analog hergestellten porésen ZrO»-Pul-
vern, um den Einfluss der Schichtdicke auf die OSC und die katalytischen Eigenschaften in
der HCI-Oxidation aufzuklaren. Dies ware eine direkte Erweiterung der Studien von Sun et
al.'1, da gleichzeitig wohldefinierte CeO-Schichtdicken eingesetzt werden und die Bil-
dungvon einzelnen Partikeln vermieden werden kann. Dabei wiirden Sol-Gel-basierte Pul-
ver mit ausgepragter Porenordnung fir die Kontrolle des Abscheidungsprozesses verwen-
det werden, wahrend auf Nanopartikeln basierende Systeme fir hohere spezifische Pro-
duktbildungsraten und Stabilitatsuntersuchungen eingesetzt werden sollten. Um die Limi-
tierung durch die PorengrolRe fiir die aufzuwachsenden CeO,-Schichten aufzuheben, kon-
nen Invers-Opal-Strukturen mit definierten Porendurchmessern von 100 — 300 nm mittels
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hard templating Methoden verwendet werden. Ahnlich wie die hier berichteten mesopo-
rosen Materialien verfiigen die Invers-Opal-Strukturen liber sphéarische und untereinan-
der verknupfte Poren. Die erhéhte PorengroRRe und die damit einhergehende verkleinerte
BET-Oberflache wiirde die mesopordsen Dinnschichten und Pulver als Zwischenmodell-
system verbinden, um die bestimmten Abscheidungsparameter zu transferieren.

Weiterhin kann die entwickelte Synthese flir mesopordse CeO,-ZrO,-Pulver aus Nanopar-
tikeldispersionen im Hinblick auf die gewlinschte PorengrofRe und Porenwandstarke mit-
hilfe unterschiedlicher Block-Copolymere der PIB-PEO-Reihe angepasst werden. Zudem
konnen auch Dispersionen von CeO;- und ZrO,-Nanopartikeln verwendet werden, um me-
sopordse Modellkatalysatoren mit einer groBen Anzahl an CeO,-ZrO,-Grenzflachen zu er-
zeugen, welche einen entscheidenden Einfluss auf die katalytische Stabilitat im Deacon-
Prozess aufweist™ und in zukiinftigen Studien ndher untersucht werden sollte.

Alles in allem, zeigt das vorgelegte Promotionsprojekt, dass sich mesoporése CeO;-Kata-
lysatoren dank ihrer hohen spezifischen Oberflache und guten Zugénglichkeit fiir gasfor-
mige Reaktanden ideal als Modellsysteme fiir die HCI-Oxidation eignen, um die mit der
0OSC zusammenhangenden katalytischen Eigenschaften im Deacon-Prozess auf mikrosko-
pischer Ebene aufzukldren. Auch in zukinftigen Studien sollten mesoporése Materialien
als Basis fuir CeO;-basierte Katalysatoren dienen, um den Einfluss der OSC nicht nur auf
die HCI-Oxidation, sondern auch auf andere Oxidationsreaktionen zu ermitteln. Insbeson-
dere die Herstellung neuartiger MOy/CeO; Kern-Schale-Modellkatalysatoren durch die
ALD ist zukunftsweisend, um das Verstandnis der OSC und der katalytischen Eigenschaften
zu vertiefen. Schlussendlich sollen die erlangten Erkenntnisse der entwickelten CeO,-Mo-
dellkatalysatoren dazu fiihren, RuO,-basierten Katalysatoren fiir die heterogene HCI-Oxi-
dation abzulésen, um mit CeO,-Materialien die Riickgewinnung von Cl; aus HCl wirtschaft-
lich attraktiv zu gestalten.
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Figure S1: XPS spectra of the doped mesoporous CeO, powders to calculate the ratio of the dopant and cerium.
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Figure S2: Comparison of the relative intensity ratio of the F,g and defect mode D of the doped
mesoporous CeO, catalysts.
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Figure S3: DRIFT measurements of the as-prepared mesoporous doped CeO, cata-

lvsts.
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Figure S4: X-ray diffraction patterns of the mesoporous doped CeO, materials after the mild HCI
oxidation. Additionally, the reference pattern of cubic CeO, (ICDS 98-016-4225) is displayed.
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Figure S6: Nitrogen physisorption isotherms (left), the pore size distributions (top right) and cumulative pore
volumes (bottom right) of the mesoporous doped CeO; catalysts after the harsh conditions of the HCI oxidation
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Figure S7: CO oxidation experiments under 430 °C for the doped mesoporous
CeO, and the corresponding SEM images after the catalytic studies for 10%-Zr

and 10%-Pr doped mesoporous powders. The latter shows the remaining pres-
ence of the mesopores.
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Figure S1: Overview of the results for the sol-gel-derived mesoporous CexZri«O2 powders.
(A) SEM; (B) BET surface area and (C) pore size distribution based on nitrogen physisorp-
tion experiments; (D) XRD results with the corresponding calculated Scherrer crystallite

sizes; (E) Comparison of XRD (Vegard’s rule) and EDS results regarding the Ce content.
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Figure S2: SEM images of the nanoparticle-derived mesoporous CexZri-xO2 powders us-

ing ethanol and H>O. The existence of mesopores in the range of 12-17 nm are visible.
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Figure S3: Nitrogen physisorption isotherms and pore size distribution including the cu-

mulative and differential pore volume of the prepared CZO-NP after an annealing temper-

ature of 550 °C (C).
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lated with a measured density for the corresponding powders using pyknometry. The other

porosity phase values were determined assuming a linear relationship between the densities

of CeO7 and ZrOs.
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Figure S5: Ce3d and Zr3d spectra of the CexZr1xO2 nanoparticle. The Ce3d spectra is fitted

using twelve Lorentz-Gaussian curves explained in more detail in the experimental section.

The Ce*" related bands (u’.v’.un and vo) are depicted in red.
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Figure S6: Ce3d and Zr3d spectra of the nanoparticle-derived mesoporous CexZr1xO> powders.
The Ce3d spectra is fitted using twelve Lorents-Gaussian curves explained in more detail in the

experimental section. The Ce*" related bands (u’,v’,uo and vo) are depicted in red.

-197 -



CeOz-basierte Nanostrukturen als Modellkatalysatoren fiir die HCI-Oxidation

120
_ 100+
o CeO,-NP
«© -
g growm—- o A
O 804 )
> o
o g l
€
E 60 mz 0.3 used
>O used| © i
O fresh Qo
fresh
2 404 £ 024 oS
[
o] | ce0,-NP fresh| S l =
< 20 L 0K o 0.14 l*
i xR used o] .
M = 1 4&%@‘&
o oG oy
1% - X
0 — T T T T T T éoo‘_&l“'ﬁ@%l'l'l'
00 02 04 06 08 100 0 5 10 15 20 25 30
p/p, Pore Size / nm

o o
o o
o (&)}
ve Por

Cumulati

Figure S7: Nitrogen physisorption isotherms and pore size distribution including the cu-

mulative and differential pore volume of the prepared CeO>-NP compared to CeO>-NP-

Meso after 24 h in the HCI oxidation reaction (HCI1:O2 = 3:1).
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after HCI oxidation
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Figure S9: SEM images of the nanoparticle-derived mesoporous CeO> and CZO60 powder

after the HCI oxidation proving the existence of the mesoporous structure.
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Nitrogen physisorption isotherm (left) of around 500 nm mesoporous CZO thin films before and after 5
and 10 ALD cycles. The higher thickness of the film in comparison with a single coated film was reached
by repetitive coating. Furthermore, the pore size distribution of the measured films is displayed using

only the adsorption branch (top right) and the desorption branch (bottom right).
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Figure S2: EEP isotherms for different numbers of ALD cycles. The data quality is not sufficient for determined a
meaningful mesopore size distribution, but the mesopore volume can be extracted with reasonable
precision.

CZO thin film

& -

TEM images of mesoporous CZO films before (left) and after the TiO, deposition of 10 and 150 ALD
cycles (right) revealing the mesoporous network. In addition, the SAED pattern are displayed in the

corresponding images implying that TiO; is not present.

igure 53:

- 203 -



CeOz-basierte Nanostrukturen als Modellkatalysatoren fiir die HCI-Oxidation

CZO+TiO; SiO, g

Figure S4: HRTEM cross-section images of the mesoporous CZO thin film after
150 TiOz ALD cycles. It reveals the presence of CZO and TiO; based on
the atomic lattice and the followed FFT calculation.
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6.4 ESI: Comparison of In-Plane Stress Development in Sol-Gel- and
Nanoparticle-Derived Mesoporous Metal Oxide Thin Films
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Figure S1: TEM images of the TiO; nanoparticles. The particles were heated up to 250 °C to ensure the evaporation of the
utilized benzyl alcohol. The average particle size is 5.4+1.0 nm.
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Figure $2: Thickness of the nanoparticle derived dense TiO; (red) as well as the mesoporous film based on a
TiO; nanoparticle dispersion (blue) and sol-gel precursor solution (black) prepared using PIBsg-b-PEQas in
dependence of the heating temperature provided by spectroscopic ellipsometry. The fits were used to
calculate the thickness every 5 °C.
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Figure $3: In-plane intrinsic stress of the nanoparticle derived TiO; thin films without (red) and with (blue) PIBso-b-
PEOg4s as template during the heating and natural cooling process. The heating ramp was 5 °C per minute, while the
data was recorded every 5 °C. Every measurement was repeated three times to ensure the validation of the

obtained data. The bottom right image depicts the average of the three attempts including the error bars.
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Figure S4: In-plane intrinsic stress of the dense (red) and mesoporous nanoparticle-derived
(blue) as well as sol-gel-derived (black) TiO; thin film prepared using PIBsp-b-PEQ,s during the
heating up procedure. TGA data of the employed polymer PIBsp-b-PEO.;s is depicted as dashed
line.
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dered ZrO: Films and Their Impact on the lonic/Electronic Conduc-
tivity

Supporting Information

Atomic Layer Deposition of Defined Thin CeO»
Layers in Ordered ZrO; Films and Their Impact

on the Electronic/Ionic Conductivity

Pascal Cop“’b, Erdogan Celik®*® Kevin Hess®®, Yannik Moryson“’b, Philip Klement"©,

Matthias T. EIm*®* Bernd M. Smarslya’b’*

a. Physikalisch-Chemisches Institut, Justus-Liebig University, Heinrich-Buff-Ring 17, D-

35392 Giessen, Germany

b. Center of Materials Research, Justus-Liebig University, Heinrich-Buff-Ring 16, D-

35392 Giessen, Germany.

c. Institute of Experimental Physics I, Justus-Liebig University, Heinrich-Buff-Ring 16,

D-35392 Giessen, Germany.

- 209 -



CeOz-basierte Nanostrukturen als Modellkatalysatoren fiir die HCI-Oxidation

22
Si(110) substrate
00 Si >\ .
@ -\e
J PRSI
18 g@«f\ %G
- > o
16 . /Q 9¢Q
C 14+ v
S~ .7
812 o
% 10 - - ¢
c 8- a’
— i -7
6 - -2
4 - ,"
24/
oy
0 100 200 300 400 500 600
Number of ALD Cycles
Figure S21: Thickness of the CeO,-deposited Si[110] substrates in dependency of the number of ALD cycles.

The dashed line illustrates the assumption concerning the growth rate.
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Figure S2: SEM and ToF-SIMS analyses of the CeO,-coated ZrO, thin films after 25¢ with different dwell
time. No significant differences are observed proving that the saturation of the precursor chem-
isorption is already performed after 30s.
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Figure S3:
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ToF-SIMS depth profiles of the mesoporous ZrO, film after different amount
of ALD cycles. Next to the ions deriving from the thin film (ZrO- and CeO")
the signal from the utilized silicon substrate (Si') is depicted by plotting the
secondary ion (SI) counts logarithmic dependent on the sputter time.
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Ce3d spectra of the CeO,-coated ZrO, thin films using XPS. Next to the six signals
deriving from CeO; (v, v’, v’ and u, u”, u””), the four additional signals from Ce;Os
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