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Zusammenfassung

Zusammenfassung

Geordnet mesoporose Materialien werden aufgrund ihrer hohen Oberflache in zahlreichen
Anwendungsgebieten, beispielsweise in der Katalyse, in Membranen, oder in Batterien, als
Modellmaterialien untersucht. VVor allem in der sauren Wasserelektrolyse zur Herstellung des
sogenannten grinen Wasserstoffs erscheint ein mesopordser Elektrokatalysator vielver-
sprechend, um das kritische Iridium auf der Anodenseite mdglichst effizient zu nutzen.
Allerdings ist unklar, welche Porenstruktur (PorengréRe und Wanddicke) eine maximale
Stabilitdt und Aktivitat in der Katalyse liefert. Die systematische Beantwortung dieser Frage
erfordert maRgeschneiderte Modellmaterialien, weshalb sich diese Arbeit der Etablierung einer

Bibliothek solcher mesopordsen Materialien mit variabler Porenstruktur widmet.

In Publikation 1 wurde dafuir zunéchst eine einfache Synthese eines Block-Copolymers aus
Polyethylenoxid (PEO) und Polyhexylacrylat (PHA) vorgestellt, mit dem mesopordse
Metalloxide mit groRen Mesoporen (etwa 40 nm) hergestellt werden kénnen. Da solch grofie
Poren aufgrund des Kompromisses zwischen einer noch hohen Oberflache und der Vermeidung
von Diffusionslimitierungen aussichtsreich erscheinen, aber mit gangigen Methoden wie
Physisorption nicht trivial untersucht werden kénnen, wurde eine Routine entwickelt, wie
solche Strukturen zuverlassig charakterisiert werden kénnen. Mit dieser Methodik wurde in
Publikation 2 eine Vielzahl an PEO-b-PHA-Proben hergestellt und als Templat untersucht und
so abgeleitet, wie die PorengroRe, Wanddicke und Porenkonnektivitat in Silika Uber die
Polymermenge und die PHA-Blocklange eingestellt werden kann. In Publikation 3 konnte
gezeigt werden, dass das Porensystem im Silika nach Soft Templating mit PEO-b-PHA analog
zu dem in mesopordsem Kohlenstoff aufgebaut ist, sodass die Gultigkeit der zuvor erwahnten
Leitfaden zum Porendesign auch fur das elektrochemisch relevante Material Kohlenstoff zu
erwarten ist. In Publikation 4 wurden mesopordse Kohlenstofffilme hergestellt und
hinsichtlich ihrer Eignung in der Elektrokatalyse untersucht. Die beobachtete hohe elektrische
Leitfahigkeit, elektrochemische Stabilitdat und variable Zugéanglichkeit des Porensystems
bestatigen, dass die mesoporgsen Dunnfilme ein vielversprechendes Modellsystem fiir

elektrochemische Studien darstellen, beispielsweise als Tragermaterial flr die Elektrokatalyse.

Die hier gewonnenen Erkenntnisse bilden die Grundlage fur eine Vielzahl systematischer
Studien zur Korrelation makroskopischer Eigenschaften mit der Porenstruktur mesopordser
Materialien, zum Beispiel wie die Morphologie von mesopordsem Iridiumoxid mit dessen

Aktivitat und Stabilitat in der sauren Wasserelektrolyse zusammenhéngt.
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Abstract

Abstract

Ordered mesoporous materials are investigated in several applications, such as heterogeneous
catalysis, membranes, and batteries, as model materials due to their large surface area. In
particular in the acidic water electrolysis, a mesoporous electrocatalyst appears promising in
order to utilize the critical iridium at the electrolyzer’s anode as efficient as possible. However,
it remains unclear which pore structure (pore size and wall thickness) possesses maximum
activity and stability in catalysis. Answering such questions on a systematic level requires well-
defined model materials. Therefore, this project aims at establishing a library of mesoporous

materials with tailored pore structure.

Publication 1 presents a facile synthesis of a block copolymer comprising a poly(ethylene
oxide) (PEO) and a poly(hexyl acrylate) (PHA) block, with which mesoporous metal oxides
featuring large mesopores (of about 40 nm) can be prepared. While such large pores might
benefit from a tradeoff between a still high surface area and the absence of diffusion limitations,
their characterization by conventional methods like physisorption can be challenging. Thus, a
routine was developed to accurately characterize those kind of structures. Following this
protocol, a set of various PEO-b-PHA samples was prepared and applied in soft templating in
publication 2. Doing so, guidelines were derived on how to modify pore size, wall thickness,
and pore connectivity of mesoporous silica by adjusting polymer amount and PHA block length.
Publication 3 shows that the pore system of mesoporous silica after soft templating with PEO-
b-PHA is analogue to that in mesoporous carbon. Hence, it can be expected that the
aforementioned guidelines on the pore design hold true for this electrochemically relevant
material as well. In publication 4, mesoporous carbon thin films were prepared and
investigated with respect to their suitability for electrocatalysis. The observed high electric
conductivity, electrochemical stability, and tunable pore accessibility confirm that these
mesoporous thin films act as promising model system for electrochemical studies, e.g., as

support for electrocatalysts.

The results obtained herein build the basis for a variety of systematic studies for correlating
macroscopic properties with the pore structure of mesoporous materials. For instance, the
relationship between the morphology of mesoporous iridium oxide and its activity and stability

in acidic water splitting can be revealed to boost catalyst performance.
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Einleitung

1 Einleitung

Grlner Wasserstoff gilt als Schllsselelement in der Energiewende, da mit ihm Strom aus
erneuerbaren Quellen tempordr gespeichert und er als Basischemikalie in der Stahl- und
Chemieindustrie eingesetzt werden kann. Seine technische Herstellung tber die saure
Wasserelektrolyse erfolgt iiberwiegend mit Iridium als Elektrokatalysator,!?! das zwar weniger
aktiv, aber deutlich stabiler als Ruthenium ist.l Die jahrliche Férderung von Iridium liegt
aufgrund seiner Seltenheit allerdings lediglich bei etwa sieben Tonnen, was den grol3flachigen
Ausbau von Elektrolyseuren limitiert (geschatzter Bedarf: 2 t a*).[4l Vor diesem Hintergrund

wird sowohl an Alternativen zu Iridium als auch an dessen effizienteren Nutzung® geforscht.

Eine Moglichkeit der effizienteren Nutzung bietet die Verwendung von hochpordsen
Elektrokatalysatoren. Der Einbau von insbesondere Kkleinen, sogenannten Mesoporen
(2-50 nm) in den Katalysator verringert die eingesetzte Masse an Iridium gegeniber einer
unpordsen Vergleichsprobe, und liefert gleichzeitig eine um etwa zwei GroRenordnungent]
hohere Oberflache, an der die Katalyse erfolgen kann. Dies fihrt zu einer htheren katalytischen
Aktivitat pro Masse an Iridium, was bereits von Kraehnert und Mitarbeitenden fiir mesoporéses
Iridiumoxid (IrOz) gezeigt wurde.l”81 Allerdings bleibt die Frage offen, welche Porenstruktur
eine optimale Nutzung des Edelmetalls bietet. Zwar maximieren kleine Poren die Oberflache,
kdnnen aber den Stofftransport im Porensystem limitieren. Eine solche Diffusionslimitierung
mit abnehmender PorengréRe wurde in mehreren Arbeiten theoretisch beschrieben®*21 und in
einer aktuellen Studie von Trommer et al. auch experimentell bestatigt, in der die
Diffusionskoeffizienten organischer Molekdle (vor allem des groRen Tocopherolmolekdils) in
einem Porensystem mit 6 nm grof3en Poren gegeniiber denen in gréReren Poren (10 und 30 nm)
signifikant reduziert sind.[*3 Insofern erscheinen groRere Mesoporen, vor allem im Bereich von
20—70 nm, die noch eine hohe Oberflache gewdhrleisten, aber Transportlimitierungen

maoglichst minimieren, besonders vielversprechend.

Darlber hinaus werden die makroskopischen Eigenschaften des mesopordsen Materials, wie
die Leitfahigkeit, die elektrische Kapazitat und der thermische Transport, nicht nur von der
PorengroRel**-2°1 peeinflusst, sondern auch von anderen morphologischen Parametern, wie der
Porenwanddicke!?) und der Konnektivitat?>-6l der Poren. Allen voran der elektrische
Transport und die mechanische Stabilitat sind wichtige Grolien fur einen Elektrokatalysator,

werden aber vom Porenvolumen(?”! und der Porenwanddickel?® bestimmt. Bisherige Studien
1



Einleitung

zur Korrelation der Porenstruktur mit der katalytischen Aktivitat in der Elektrokatalyse, wie die
von Priamushko et al. fir die Sauerstoffentwicklung mit mesoporésen Oxiden,!?! mangeln
jedoch an einer systematischen Variation einzelner morphologischer Parameter: Die dortige
Modifikation der Porengrél3e tber die Kalzinierungstemperatur verunmoglicht eine Trennung
des morphologischen (Porengrdfle) und chemischen (Kristallitgrofle) Effekts auf die
Leistungsfahigkeit des Katalysators. Deshalb besteht ein Bedarf an mesoporésen Proben, in
denen lediglich die morphologischen Parameter, also die PorengroRe, die Wanddicke und die
Konnektivitat, individuell und systematisch variiert werden kénnen, ohne die Chemie des
Wandmaterials zu verandern. Stefik und Mitarbeitende présentierten mit dem Copolymer
Polyethylenoxid-block-Polyhexylacrylat (PEO-b-PHA) ein Templat, das fir die Herstellung
solcher Proben mit groBen Mesoporen geeignet sein konnte, allerdings beschranken sich die
Studien bislang auf Dunnfilme und entbehren einer systematischen Variation der PorengroRRe

und -konnektivitat.[3%

Ziel dieser Arbeit besteht daher in der Etablierung einer Bibliothek an mesoporésen Materialien
fiir elektrochemische Anwendungen mit groBen Kugelporen, deren GroRe vor allem im Poren-
grolRenbereich von 20 — 70 nm systematisch variiert werden kann (Abbildung 1). Dazu wurde
in Publikation 1 zundchst ein exemplarisches Blockcopolymer der PEO-b-PHA-Familie zur
Templatierung von SiO2-Pulvern genutzt und das erfolgreich eingebrachte Porensystem im
Detail entschlisselt. Im Rahmen der morphologischen Charakterisierung wurde auf3erdem eine
Routine etabliert, Systeme mit solch grolRen Mesoporen (40 nm) verlasslich zu analysieren. Die
Polymersynthese wurde in Publikation 2 auf eine umfassende Matrix aus PEO-b-PHA-
Copolymeren mit variierter PEO- und PHA-Blocklange ausgeweitet und die nach
Templatierung erhaltenen Oxidpulver gemal der erprobten Routine analysiert. Auf diese Weise
wurde ein Porengréfienbereich von 10 —80 nm fiir diese Polymerfamilie identifiziert, der
Einfluss der individuellen Blécke auf die Porengréf3e quantifiziert und der Zusammenhang

zwischen Templatmenge und Porengrolie, -verknipfung und Wanddicke charakterisiert.

Mit diesem synthetischen Leitfaden kdnnen Proben fiir systematische Studien der Porenstruktur
und deren Effekt auf beispielsweise die Aktivitat und Stabilitdt von mesoporésem IrO. in der
sauren Wasserelektrolyse hergestellt werden, um die optimale Porositat ausfindig zu machen.
Um darauf aufbauend den Bedarf an notwendigem Iridium weiter zu senken, wére die
Beschrankung des seltenen Aktivmaterials lediglich auf die Oberflache, die mit dem

Elektrolyten in Kontakt und somit fur die Katalyse zur Verfligung steht. Daflir wére ein

2
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unkritisches Tragermaterial notwendig, wie zum Beispiel mesopordser Kohlenstoff, auf dem
beispielsweise Uber Atomlagenabscheidung eine nanoskalige IrO2-Schicht abgeschieden wird.
Kraehnert und Pinna verfolgten einen &hnlichen Ansatz, nutzen allerdings ein mesoporéses
Titan/Iridium-Mischoxid als Tragermaterial,®!1 das somit den Bedarf an Iridium erhoht. In
anderen Studien wurde Kohlenstoff zwar als Tragermaterial fur die Elektrokatalyse verwendet,
allerdings wurde dort nicht die gesamte Oberflache beschichtet und teilweise ohne eine
nanostrukturierte Oberflache gearbeitet.F2*% Im Gegensatz dazu verspricht ein homogen
beschichteter, mesopordser Kohlenstofffilm eine mdéglichst effiziente Nutzung der gesamten,

maximierten Oberflache, sofern diese fir die Edukte leicht zugénglich ist.

In Publikation 3 wurde die Briicke vom Modellmaterial SiO2 zum elektrochemisch relevanten
Kohlenstoff geschlagen, der ebenso mit einem PEO-b-PHA-Templat strukturiert wurde. In
einem tiefgriindigen Vergleich von Physisorption und Tomographie zur Charakterisierung der
Porenkonnektivitdt wurde das zuvor abgeleitete Porenmodell auch im Kohlenstoff mittels
Skelettierung nachgewiesen. Publikation 4 ebnet abschlieBend den Weg in Richtung
elektrochemischer Anwendung, in der der bereits erwahnte mesopordse Kohlenstoff in Form
eines Dunnfilms auf einem leitfahigen Metallsubstrat synthetisiert, umfassend charakterisiert
und im Hinblick auf eine elektrokatalytische Nutzung untersucht wurde. Hierbei zeigte der
Dinnfilm eine vielversprechende Leitfahigkeit, Zugénglichkeit und Stabilitdt, um als

Tréagermaterial fir die elektrokatalytische Wasserspaltung in Frage zu kommen.

Porensystem Porensystem Materialien elektrochemische
verstehen ) designen ) vergleichen ) Anwendung

Abbildung 1: Teilschritte des Promotionsprojekts bestehend aus der Charakterisierung der mesopordsen
Porenstruktur, dessen Variation hinsichtlich Porengréfie, -konnektivitdt und Wanddicke, dem Transfer auf das
elektrochemisch relevante Material Kohlenstoff und schlie8lich dessen Untersuchung als Dinnfilm im Hinblick auf
mdogliche elektrochemische Anwendungen.

Die Erkenntnisse dieser Arbeit bieten die Grundlage fiir eine Vielzahl systematischer Studien
von Porositat-Eigenschaftsbeziehungen an Oxiden und Kohlenstoffen, allen voran im
elektrochemischen Kontext, in dem gezielte Porenstrukturen hergestellt werden kénnen. Ferner
dienen die erarbeiteten Charakterisierungsprotokolle als Blaupause zur Untersuchung
mesoporoser Materialien mit groen Kugelporen, besonders hinsichtlich Porenkonnektivitat.



Aktueller Stand der Forschung

2 Aktueller Stand der Forschung

2.1 Synthese mesopordser Materialien

Mesopordse Materialien werden in aller Regel, und so auch in dieser Arbeit, auf Basis von
molekularen Ausgangsstoffen hergestellt. Hierbei bildet das in einer Sol-Gel-Reaktion erzeugte
Material die Struktur eines Templats ab, das nach dessen Entfernung die Porenstruktur im
Material zurtickl&sst. Die einzelnen Teilschritte der Synthese, alternative Herstellungsverfahren

und systematische Modifikationen bilden die Bestandteile dieses Kapitels.

2.1.1 Sol-Gel-Synthesen

Das Sol-Gel-Verfahren ist ein nasschemisches Synthesekonzept fur anorganische Feststoffe,
wie beispielsweise Metalloxide, ausgehend von molekularen Prékursoren. Im Gegensatz zu
konventionellen  Festkorpersynthesen, die auf der thermischen Behandlung von
Pulvergemischen beruhen, liefert dieser sogenannte Bottom-Up-Prozess homogenere
Reaktionsprodukte bei gleichzeitig geringeren Reaktionstemperaturen und Kiirzeren
Synthesedauern,43%1 weswegen er dem Konzept der Chimie Douce (,,sanfte Chemie*)!*6:%"]
zugeordnet wird. Der Name ,,Sol-Gel*“ wurde Mitte des 19. Jahrhunderts von Graham im Zuge
seiner Arbeiten an Salzlésungen (solution) und deren Gelierung (gelation) gepragtt®®3? und
beschreibt die beiden Kernschritte des Verfahrens. Konkreter lasst sich eine Sol-Gel-Synthese
in funf Prozesse unterteilen: (1) die Bildung des Sols, (2) deren Gelierung, (3) Alterung,

(4) Trocknung und (5) sofern gewiinscht deren Kalzinierung.*

Der Prakursor, meist ein Metallalkoxid, -halogenid oder -nitrat,[*>** wird in einem geeigneten
Losemittel (meist einem Alkohol) geldst und bildet unter partieller oder vollstandiger
Hydrolyse durch enthaltenes oder zugegebenes Wasser einen Hydroxidokomplex.44?1 Dieser
kondensiert wie in Abbildung 2 gezeigt mit anderen Hydroxiden (unter Wasserabspaltung)
oder Alkoxiden (unter Alkoholabspaltung), wodurch eine kolloidale Dispersion an
Primarpartikeln entsteht — das Sol. Die fortschreitende Polykondensation miindet schliefRlich in
einem weitreichenden Metall-Oxo- beziehungsweise Metall-Hydroxido-Netzwerk, in dessen
Poren das abgespaltene Wasser (oder der Alkohol) eingeschlossen wird — das Gel.l34421 Unter
einem Gel wird allgemein laut der Standardisierungsorganisation IUPAC (International Union
of Pure and Applied Chemistry) ein dreidimensionales, nicht-flieBendes Netzwerk verstanden,
das durch eine Flussigkeit aufgequollen ist. Im Falle der Sol-Gel-Chemie ergeben sich hierflr

verschiedene Unterarten, die von Flory*3l (1974) zunichst in vier und von Kakihanal®! (1996)
4
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spater in finf Typen kategorisiert wurden: kolloidale Gele, Metall-Oxo-Polymere,
Metallkomplexe, polymerisierende Komplexe und vernetzte koordinierende Polymere.*! Eine
fortlaufende Kondensation innerhalb des Gels (auch Alterung genannt) fihrt zum partiellen
Ausstoll des eingeschlossenen Losemittels (Syndrese), das im Zuge der anschlieRenden
Trocknung vollstandig entfernt wird. Eine abschlie3ende Kalzinierung bei hohen Temperaturen
flhrt unter Entfernung von Wasser aus dem Metall-Oxo-Netzwerk (und je nach Temperatur
unter anschlieBender Kristallisierung) zum finalen Feststoff.** Die Entfernung des Losemittels
kann entweder kontrolliert unter Erhalt der urspringlichen Porositdt (zum Beispiel tber
superkritische Trocknung) erfolgen, was ein hochpordses Aerogel liefert oder unkontrolliert
unter Kollaps des pordsen Systems zu einem kompakten Xerogel[41:44-46]

ﬁ A i
Hydrolyse ﬁ Kondensation ﬁ
eV i PO TN Yoo =,
H,0  HX H,0
oder
O X =OR,Hal, ... O on HOR Sol

Abbildung 2. Schematischer Ablauf einer Sol-Gel-Synthese mit dem allgemeinen Metalloxidprakursor MXa, der
(partiell) hydrolysiert und unter Wasser- oder Alkoholabspaltung zun&chst zum Sol und spéater zu einem
weitreichenden Netzwerk (Gel) kondensiert.

Die Morphologie des Gels und somit auch des gebildeten Feststoffs kann durch diverse
Parameter beeinflusst werden. Erste systematische Studien lieferte die Stober-Synthese uber
die Variation des pH-Werts.[*’/1 Sowohl die Hydrolyse als auch die Kondensation des Prakursors
kdénnen sowohl sdure- als auch basekatalysiert werden. Wahrend eine saure Umgebung die
Kondensation gegeniiber der weiteren Hydrolyse beschleunigt und somit ein kettenférmiges
Wachstum des Netzwerks fordert, wird im Basischen die Hydrolyse kinetisch bevorzugt, was
in einem quervernetzten Partikelwachstum resultiert.[**“®1 Neben dem pH-Wert des Lésemittels
ist auch das Losemittel selbst von grofRer Bedeutung, da die Viskositdt und die
Dielektrizitatskonstante der Lésung das Gelierverhalten beeinflussen.[**5% Dariiber hinaus
spielt das Metallion und dessen Elektronegativitit eine entscheidende Rolle,5 da
beispielsweise Siliziumalkoxide verhaltnisméRig langsam hydrolysieren und den Einsatz von
Katalysatoren erfordern, wohingegen Zirkoniumverbindungen wesentlich reaktiver sind und
deren Hydrolyse mittels Chelatliganden und Minimierung der verwendeten Wassermenge
gebremst werden muss.F44%1 Allen voran Zitronensaure und Ethylendiamintetraessigsaure
(EDTA) werden haufig als Liganden eingesetzt, um die Kondensation der Metallkomplexe

(auch Olation genannt) kinetisch zu kontrollieren. [
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Eine Sol-Gel-Synthese kann auch durch Polymere wie beispielsweise Polyvinylalkohol oder
Polyacrylsdure unterstitzt werden, die das Metallion komplexieren und somit dispergieren. Auf
diese Weise kann ein Ausféllen reaktiver Prakursoren vermieden und eine gleichméfige
Verteilung der Metallspezies in multinaren Systemen gewdhrleistet werden.>%%! Dieses
synthetische Konzept wird auch in der verbreiteten Pechini-Synthese ausgenutzt, in der
Zitronensdure die Prakursoren komplexiert und anschlielend mit Ethylenglycol in-situ tber
Veresterung ein polymeres Netzwerk bildet.> Somit lassen sich nach thermischer Entfernung
des Polymers vor allem fiir reaktive oder schwer dispergierbare Prakursoren homogene Oxide
erhalten, sowie komplexe Verbindungen wie Pigmente und Perowskite herstellen.[55¢1 Solch
komplexe, multindre Oxide erfordern allerdings nicht per se eine Pechini-Synthese, denn wie
Einert et al. kiirzlich zeigten, kdnnen hochentropische Spinelle mit fiinf bis sechs verschiedenen

Metallen auch tber klassische Sol-Gel-Synthesen synthetisiert werden.57:58

Mittels  Sol-Gel-Synthesen  lassen sich nicht nur Keramiken, sondern auch
Kohlenstoffmaterialien herstellen. Als Kohlenstoffprékursor dienen Phenol, Resorcinol oder
Phloroglucinol, aber auch natiirliche Vorstufen wie Lignin,®® die mit Formaldehyd oder
Glyoxal unter Saure- oder Basenkatalyse quervernetzt werden.[%%-621 Hierbei bilden Préakursor
und Aldehyd bei Temperaturen von maximal 60 °C zunéchst ein Additionsprodukt, welches bei
hoheren Temperaturen (85 — 100 °C) zu einem weitreichenden Netzwerk thermopolymerisiert
— dem Novolak- (sdurekatalysiert) beziehungsweise Resolharz (basekatalysiert).[561.63-65 pje
Polymerisationsgeschwindigkeit und der Grad der Quervernetzungen steigt mit der Anzahl der
Hydroxylgruppen im Prakursor (von Phenol zu Phloroglucinol), wobei auRerdem der reaktivere
Formaldehyd schneller thermopolymerisiert als Glyoxal.[52881 Prakursor und Vernetzer miissen
daher in der Synthese (vor allem fur nanostrukturierte Kohlenstoffe) in der Art aufeinander
abgestimmt werden, dass zwar ein stabiles Netzwerk ausgebildet wird, allerdings nicht zu

schnell, um zu vermeiden, dass ein inhomogenes (Poren-)Netzwerk entsteht.[®7]

Das Harz wird anschlieBend unter inerten Bedingungen bei hohen Temperaturen (>800 °C)
zum finalen Kohlenstoff karbonisiert. In diesem Schritt werden Heteroatome wie Sauerstoff
aus dem polymeren Netzwerk entfernt und kleine Graphenstapel innerhalb des amorphen
Kohlenstoffs gebildet. Auch wenn die GroRe dieser Stapel mit steigender Karbonisierungs-
temperatur zunimmt, lassen sich die sol-gel-basierten Harze selbst bei 3000 °C nicht in Graphit
uberfuhren, da die Quervernetzung eine zwischenzeitliche Bildung einer Fllssigphase

verhindert, wohingegen andere Kohlenstoffe wie Kohlenteerpeche graphitisierbar sind.[68-7
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Dem gegentiber resultiert die quervernetzte Struktur der nicht-graphitischen Kohlenstoffe in
einer hohen chemischen und mechanischen Stabilitét,”’*! die durch die Graphenstapel von einer
hinreichenden elektrischen Leitfahigkeit begleitet wird, wie in Publikation 4 anhand von
mesopordsen Kohlenstofffilmen gezeigt. Auch wenn sich Kohlenstoff tiber andere Bottom-Up-
Synthesen wie die hydrothermale Karbonisierung von Kohlenhydraten herstellen l4sst,l727
bietet die oben beschriebene Sol-Gel-Synthese von nicht-graphitischem Kohlenstoff neben
dessen Stabilitdt den Vorteil, auch nanostrukturierte Materialien mittels Templatierung

herzustellen, worauf im néachsten Kapitel naher eingegangen wird.

2.1.2 Nanostrukturierung mittels Templatierung

Nanostrukturierte Materialien werden aufgrund ihrer hohen Oberflache in vielen
Forschungsfeldern (z. B. Katalyse[*™ und Sensorik!’®71) als Modellmaterialien untersucht
und fir viele Anwendungen (z. B. Wasserfilter und Batterien)[’® bereits industriell genutzt.
Unter einer Nanostruktur wird per Definition ein Strukturmerkmal (Partikel, Pore 0. A))
verstanden, dessen GroBe zwischen 1 und 100 nm liegt.”® Handelt es sich bei diesen
Strukturmerkmalen um Poren, wird weiterhin zwischen Mikroporen (< 2 nm), Mesoporen
(2 —50 nm) und Makroporen (> 50 nm) unterschieden.[® Solche nanoporésen Materialien
lassen sich durch die Kombination der zuvor beschriebenen Sol-Gel-Synthesen und geeigneten
Templatierungsverfahren herstellen; dazu zéhlen vor allem das Hard Templating und das Soft
Templating. Grundsatzlich sind mesoporése Materialien auch durch andere Methoden wie die
Selbsttemplatierung oder hydrothermales Atzen zugénglich, leiden aber haufig unter einer

ungeordneten Porenstruktur und sind somit fiir systematische Studien nicht gut geeignet.[8]

Im Falle von Hard Templating wird eine feste Struktur (Templat) mit einem Prékursorsol
infiltriert, dieses wie oben beschrieben tber Alterung, Trocknung und Kalzinierung in ein Oxid
uberflihrt und das feste Templat selektiv herausgelost. Auf diese Weise verbleibt ein idealer
Abguss (Negativ) der Templatstruktur auf der Nanoebene (nanocasting).l? Als Templat
werden bereits porése Materialien aus beispielsweise Silika (z. B. SBA-15, KIT-6), Kohlenstoff
(z. B. CMK-1, CMK-3) oder anodischem Aluminiumoxid verwendet, aber auch sphérische
Kolloide aus Silika (Stober-Partikel) oder Polymeren (z. B. Polystyrol (PS) oder
Polymethylsduremethacrylat (PMMA)), die sich in einer flussigkristallinen Phase gemaR einer
dichten Kugelpackung anordnen, auch Opal genannt. Je nach Material, erfolgt die Entfernung
des Templats (iber nasschemisches Atzen mit Natronlauge oder Flusssaure (bei keramischen

Templaten) oder iiber Pyrolyse (bei Templaten aus Kohlenstoff oder Polymer).[828l
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Da wie im vorigen Kapitel beschrieben auch Kohlenstoffe tiber Sol-Gel-Synthesen zuganglich
sind, ist die Nanostrukturierung nicht auf Metalloxide beschrankt. So synthetisierten Ryoo et
al. erstmals den geordnet porosen Kohlenstoff CMK-1 mittels Impragnierung des mesopordsen
Silikas MCM-48 mit einer schwefelsauren Zuckerldsung, anschlieBender Karbonisierung und
abschlieRender Templatentfernung mit Natronlauge.®! Auch die Herstellung von invers-opalen
Metalloxiden, die erstmalig mit PS-Opalen berichtet wurde,®>8! [4sst sich unter Verwendung
von Silika-Opalen auf Kohlenstoff ibertragen.”] Weiterhin ist ein Hard Templating von
Kohlenstoff mit Nanopartikeln aus anderen Oxiden wie ZnO und MgO, aber auch Salzkristallen
(NaCl oder KCI) méglich, die mithilfe von Salzsiure oder Wasser entfernt werden kénnen; !
auch hierarchisch-meso-/makroporése Template wie Silikamonolithe aus der Nakanishi-
Synthese!®! finden Anwendung in der Nanostrukturierung. Im Falle von letzteren erfolgt die
Templatierung tber das VVolumen der Mesoporen (Negativ des Templats) sowie die Oberflache
der Makroporen (Positiv des Templats).®?l Eine solche Templatierung (iber die
Templatoberflache wird auch gezielt zur Erzeugung hohler Nanostrukturen genutzt, sodass bei
teilweiser Fillung von SBA-15-Silika hohle Kohlenstoffzylinder (CMK-5) erhalten werden
kénnen, % sowie hohle®Y! und pordsel®?! Nanopartikel ausgehend von mit Prakursor benetzten
Opalen. Der Vorteil des Hard Templatings besteht in der Robustheit des Templats, die eine
leichte Synthese von einer Vielzahl von Metalloxiden® und selbst komplexen Feststoffen wie
Perowskiten®®l erméglicht, sofern eine vollstandige Benetzung und Fiillung des Templats
(unter anderem durch Kapillarkrafte) gewahrleistet werden kann.[B18394 Nachteilhaft sind
allerdings die generell harschen Bedingungen zur Templatentfernung, die das porése Produkt
selbst beschadigen kénnen,®! sowie eine unter Umsténden unvollstandige Entfernung des
Templats.[®8 AuRerdem ist die Auswahl an Templaten (sowohl beziiglich Material als auch
StrukturgroRe) limitiert,®Y auch wenn Modifikationen in der Stober-Synthese*! und in der
Emulsionspolymerisationt® %1 eine gewisse Variation in der Templat- und somit

MakroporengrofRe invers-opaler Materialien ermdglichen.

Auf der anderen Seite beruht das Soft Templating auf der Strukturierung mit eher flexiblen
organischen Templaten wie Tensiden, Blockcopolymeren und ionischen Flussigkeiten, die
einen amphiphilen Charakter aufweisen. Aufgrund der unterschiedlichen Polaritat der
hydrophilen und hydrophoben Teile des Templats kommt es zu einer Entmischung des in der
Sol-Gel-Mischung gelosten Amphiphils auf der Nanoebene (in Form von bspw. Mizellen), die
die Struktur des spateren Feststoffs vorgibt.[1?*11 Analog zum Hard Templating wird das

Hybridmaterial gealtert und getrocknet, bevor die Templatentfernung (tber Pyrolyse,

8
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nasschemische Extraktion oder UV-Bestrahlung) das finale pordse Produkt liefert.[*) Die
verglichen mit Hard Templates eher lose Struktur des Templats ermdglicht eine einfache und
vollstandige Templatenfernung,®! die selbst ein Soft Templating von Kohlenstoffen
ermdoglicht, sofern die thermische Entfernung unter Sauerstoffausschluss erfolgt, bei der sich
das Templat zwar zersetzt, aber das Skelett lediglich karbonisiert,'®*! wie erstmals 2004 von Dai

und Mitarbeitenden vorgestellt.[1%]

Die gezielte Nanostrukturierung mittels Soft Templating startete allerdings bereits mit der
Synthese der MCM-Silika in den frilhen 1990er-Jahren unter Verwendung von kationischen
Tensiden, die zylindrische oder spharische Mizellen bilden und Mesoporen selbiger Form
hinterlassen.!%%1%1 Mechanistisch erfolgt die Templatierung in diesem Fall iiber das Ausfallen
mikrometergrofRer, nanostrukturierter Silikapartikel aus der niederkonzentrierten Tensidldsung;
gleiches gilt fur die Synthese der sogenannten MSU-Silika mit nichtionischen Tensiden, die
merklich gréRere Poren und dickere Porenwande aufweisen.[2951%] |m Gegensatz dazu kann
das Soft Templating auch aus einer konzentrierten Losung aus nichtionischem Tensid oder
Blockcopolymer erfolgen, in der ein perfekter Abguss der sich bildenden, sogenannten
lyotropen Flussigkristallphase gefertigt wird (true liquid crystal templating).l*° Unter einer
lyotropen Flussigkristallphase wird die mesoskalige Selbstanordnung einer Substanz in Lésung
verstanden, die eine kristallahnliche Ordnung aufweist und innerhalb gewisser Bedingungen
(v. a. Konzentration und Temperatur) auftritt, wobei je nach Bedingungen unterschiedliche
Phasen (z. B. kubisch oder lamellar) auftreten konnen.[}%81%1 Auf diese Weise lasst sich eine
Vielzahl an mesoporésen Metallen und Metalloxiden herstellen,[2%%19 deren Morphologie
(kubisch, zylindrisch, lamellar, Gyroid) vom Phasendiagramm'*113l des Blockcopolymers
und somit von den jeweiligen GrofRen und Volumenanteilen der Polymerblécke sowie deren
Wechselwirkung untereinander bestimmt wird.[*Y1 \Vor allem die Gyroidstruktur wird aufgrund
ihrer durchgéangigen und gut zuganglichen Morphologie h&ufig fur katalytische Anwendungen
untersucht, auch wenn ihre Synthese herausfordernd ist.*%*4115] |m Falle von Kohlenstoff ist
diese auch direkt aus der Schmelze des Blockcopolymers mdoglich, sofern ein Block als
Prakursor fungierend (z. B. Polyacrylnitril) karbonisieren und das Replika des sich

zersetzenden Blocks (z. B. ein Polyacrylat als Templat fungierend) abbilden kann.[1%]

Eine dritte und weitverbreitete Moglichkeit des Soft Templating bietet die von Brinker und
Mitarbeitenden gepréagte verdampfungsinduzierte Selbstanordnung (evaporation-induced self-

assembly, EISA).[17-1191 |m Zuge dieser bildet das amphiphile Templat entweder wahrend des
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Losens oder nach ausreichender Verdampfung des Losemittels und Uberschreitung der
kritischen Mizellbildungskonzentration (critical micelle concentration, CMC) Mizellen, die
sich durch weiteres Verdampfen in einer geordneten, dicht gepackten lyotropen Phase
anordnen. In den Zwischenbereichen bildet sich im Rahmen einer Sol-Gel-Reaktion das
Metalloxid (oder Resolharz), das nach thermischer Entfernung des Templats als mesoporoses
Replika der lyotropen Phase verbleibt (Abbildung 3). Alternativ kann die Anordnung der
Mizellen durch eine Aggregation von Prakursor und Mizellen in Lésung erfolgen (evaporation-
induced aggregating assembly, EIAA),*2% wodurch allerdings lediglich mesopordse Pulver
zugénglich sind. Im Gegensatz dazu kann die Templatierung uber den EISA-Mechanismus
auch auf monolithische, mesopordse Diinnfilme Ubertragen werden, sofern die Prakursorlosung
fir die Tauch- oder Rotationsbeschichtung von Substraten eingesetzt wird.[*2-124] Ferner bietet
die Synthese mittels EISA zwei weitere Vorteile: (1) Zum einen kénnen auch vorgefertigte
Nanopartikel als Bausteine fur das Porenskelett verwendet werden, was vor allem bei sonst
zu reaktiven Prékursoren, aber auch fir die Erlangung hoher Kristallinitat nutzlich sein
kann.[*25-1271 (2) Zum anderen kann die Porenwanddicke anders als im EIAA-Mechanismus
leicht Uber die Anpassung des Templat-zu-Prékursor-Verhéltnis modifiziert werden, wie v. a.

von Stefik und Mitarbeitenden fiir mesopordse Metalloxide und Kohlenstoffe gezeigt.[*28-134]

Prakursor Losemittel

Trocknen

oS
OF 3
e

==

Prakursor-
I6sung

Gel Mesopordser Diinnfilm

Rotationsbeschichtung

Abbildung 3: Schematische Ubersicht tiber die Synthese von mesopordsen Metalloxiden (iber den EISA-Mechanismus.

Da die Porenwanddicke und ihre gezielte Variation flr die Eigenschaften des mesopordsen
Materials eine groRe Rolle spielen, beispielsweise fiir den elektrochemischen Transport in der
Porenwand von pordsen Kondensatoren,[?!1 aber lediglich im Rahmen des EISA-Mechanismus
moglich ist, ist es entscheidend den zugrundeliegenden Templatierungsmechanismus zu
10
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kennen. In Publikation 1 wurde daher eine systematische Studie bezuglich der Mizellisierung
des Templats und der Gelierung der Prakursorlésung mittels dynamischer Lichtstreuung und
Rheometrie durchgefihrt, in welcher der EISA-Mechanismus fur die Templatierung von Silika
mit PEO-b-PHA nachgewiesen werden konnte. Dies wurde im Zuge einer systematischen
Variation der Templatmenge und der daraus resultierenden Wanddickenabnahme in
Publikation 2 fir mit PEO-b-PHA templatiertes Silika bestatigt. Abseits der Wanddicke
beeinflussen auch die GroRe und Verkniipfung der Mesoporen die Eigenschaften des Materials,

deren Modifikation im folgenden Kapitel néher beleuchtet werden soll.

2.1.3 Porendesign und Blockcopolymere

Fur das gezielte Design verschiedener morphologischer Parameter, wie Porengrolie,
Wanddicke und Porenverknupfung, existieren viele Stellschrauben in der Synthese
mesopordser Materialien (Abbildung 4). Die Porenform und -gréRe hangt prinzipiell von dem
verwendeten Templat!*31351 ynd seiner GroRe (Blocklange)**13 ab, kann aber auch durch die
Templatmenge (in  FormM3®13°1 ynd GroRel®) verdndert werden, sowie durch das
Losemittel, 1401421 die  Temperatur,}43-461 die Artl'*l und Konzentration®#414¢l des
Saurekatalysators in der Sol-Gel-Reaktion und besonders im Falle von Dunnfilmen durch die
Verdampfungsgeschwindigkeit™®! des Losemittels wihrend der Synthese. Des Weiteren wird
die GroRe der Mizellen und somit der spéteren Mesoporen h&ufig durch anorganische
Additivel>® (NH4F oder KCI) und sonstige Quellmittel™455:-1571 (kleine organische Molekiile
oder Homopolymere) variiert, die je nach Polaritat die Poren sowohl verkleinern als auch

vergroRern konnen, aber teilweise zu inhomogenen PorengroRenverteilungen fiinren.[t5]

Bezlglich der Variation der Porenwanddicke ist, wie zuvor beschrieben, malgeblich das
Verhéltnis von Templat- zu Prakursormenge verantwortlich,[**¥ wohingegen die Situation fiir
die Modifikation der Porenkonnektivitat weniger offensichtlich ist. Dies liegt unter anderem
daran, dass der Begriff selbst nicht klar definiert ist (beispielsweise seitens der IUPAC) und in
der Literatur entweder auf die GréRe der Porenhilse (Zugénglichkeit)!?6:1%81 oder die Anzahl an
verkniipftenden Nachbarporen (Koordinationszahl)[**1¢% im Sinne der Perkolationstheorie
bezogen wird. Dariiber hinaus gibt es nur weniger Berichte, die sich mit der (systematischen)
Variation der Porenkonnektivitat befassen. So konnten Yoon et al. zum Beispiel zeigen, dass
die Koordinationszahl der Poren in mesopordsem Kohlenstoff mit zunehmender Reaktionszeit
und dadurch zunehmendem Kollaps der Mizell- und daher Porenstruktur abnimmt.!2l

AuRerdem berichteten Pérez-Mendoza et al. von einer Abnahme der Koordinationszahl in
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SBA-2-Silika mit zunehmender Kalzinierungstemperatur infolge fortschreitender Kontraktion
der Porensystems.[*621 Weiterhin kénnen die Synthesetemperatur!®?l und der pH-Wert163164]
die Porenkonnektivitat beeinflussen, sowie zusatzliche, verkniipfende Poren (durch parallele
Templatierung mit z. B. ionischen Fliissigkeiten)!*651681 eine qualitative Verbesserung der

Porenzuganglichkeit herbeifthren.

Da solche externen Parameter (wie Temperatur und pH-Wert) auch das Skelettmaterial
verandern kénnen, das heif3t z. B. die KristallitgroRe,*671 ist fiir eine systematische Studie, in
der lediglich der Einfluss morphologischer Parameter (Porengrélie etc.) auf makroskopische
Eigenschaften untersucht werden soll, eine Variation des Templats und seiner Menge besser
geeignet. Zur Erzielung verschiedener Porengrofien wurden zahlreiche Template untersucht
(siehe Abbildung 4): Kleine Mesoporen (2 — 4 nm) lassen sich analog zu den oben genannten
MCM-103104 ynd  MSU-Silikall1°7"181 ays jonischen beziehungsweise nichtionischen
Tensiden erhalten, wohingegen die weit verbreiteten und kommerziell erhaltlichen Pluronics®
Blockcopolymere aus Polyethylenoxid und Polypropylenoxid (PEO-b-PPO-b-PEQ) groRere
Poren von 5—12 nm im Durchmesser erzielen, wie von den Silika der SBA-11%°1 und KIT-
Familiet*'4 pekannt. Einen Schritt zu merklich gréReren Mesoporen (11 — 20 nm) gelang durch
die Kombination des PEO-Blocks mit einem hydrophoben Block aus Poly(ethylen-co-butylen)
((PE/B)-b-PEOQ), den sogenannten KLE-Polymeren.l"1711 Mit Blockcopolymeren aus PEO
und Polyisobutylen (P1B-b-PEQ)181721731 ynd Polyisopren (P1-b-PEQ)I74-176] synthetisierten
Brezesinski beziehungsweise Wiesner und Mitarbeitende sogar diverse mesopordse
Metalloxide mit Kugelporen von bis zu 40 nm Durchmesser, wobei auch Template auf Basis
von PMMA (PEO-b-PMMA)12 fiir diesen Bereich (18 — 33 nm) bereits genutzt wurden.

Porenform und -gréRe Wanddicke
™™™ Blocklénge Templat-zu-Prikursor-
% o Alkyl-NMe*, -PEO — 2 — 4 nm (MCM, MSU) Verhaltnis
Templat =
£ PEO-b-PPO-b-PEO — 5-12 nm (SBA, KIT) ™ T
o S (PE/B)-b-PEO — 11-20 nm (KLE) onnektivita
Lésemittel £ o
H s st 1 e
Templatmenge g b J => U =c e 5
“ PEO-b-PMMA
§ @= Synthese-/Kalzinierungs-
= Synthese- S = t t
@- tarperatur Licke — PS-b-PEO, PEO-b-PHA < Al
Sédurekatalysator o3 pH-Wert
mém (Art und Menge) B PS-, PMMA-, — 70 -1000 nm
% Si0,-Opale inverse Opale \j w
T -P ( pale) *% Co-Templatierung

.-\q* Quelimittel

Abbildung 4: Ubersicht (iber Parameter, die ein Design des Porensystems ermoglichen, sowie eine Auswahl an
Templaten fiir Soft und Hard Templating mit den dazugehérigen Porengrof3enbereichen.
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Fur den Zwischenbereich von 40—-70nm (Licke in Abbildung4), oberhalb dessen
Kugelporen variabler GroRe bereits tiber Hard Templating mit Opalen aus PS, 1 PMMAI[®8I
oder Silikal*""178 |eicht zuganglich sind, ist die Auswahl an Templaten aus Blockcopolymeren
begrenzt. Abgesehen von Pl-b-PS-b-PEOI"! und PMMA-b-PEO[®!  die solche PorengréRen
lediglich in Form der Gyroidstruktur induzieren, sind vor allem Blockcopolymere aus
Polystyrol (PS-b-PEOQ,18:181 pDMA-b-PS,*1 PS-b-PAA-b-PEO,[*8 Pl-h-PS-b-PVP,1]
PEO-b-PMMA-b-PS[*%8l) oder Polyhexylacrylat (PEO-b-PHA)Y in der Literatur fir sehr
groRe Kugelporen (10 — 56 nm) bekannt, was unter anderem an der geringen Loslichkeit der

meisten Polymere liegt, deren molare Masse fiir solch groBe Poren sehr groR sein muss. 18618

Generell muss ein geeignetes Templat flir diesen PorengréRenbereich mehrere
Voraussetzungen erfullen: (1) Zum einen muss das Blockcopolymer tiber eine ausreichend hohe
thermische Stabilitat verfugen, damit sich das Templat erst zersetzt, nachdem eine stabile
Porenwand ausgebildet wurde.!** (2) Des Weiteren muss der Kontrast der Polaritat zwischen
den hydrophilen und hydrophoben Bldcken grof3 sein, damit sich in einem geeigneten
Losemittel bei geringer Polymerkonzentration Mizellen ausbilden (niedrige CMC).[176:191.192]
Zur Abschatzung der Selektivitat (das hei3t Eignung) eines Losemittels werden Polymerbldcke
und Losemittel anhand von Loslichkeitsparametern verglichen, beispielsweise mit dem
Parameter & nach Hildebrand, der mit zunehmender Polaritit steigt.[**31%1 Je nach Polaritat (9)
des Losemittels im Vergleich zu den Loslichkeiten der Polymerbldcke, erfolgt keine Losung,
eine Ldsung als Mizelle (normal oder invers) oder eine als molekulare Kette
(Abbildung 5).1130.1321%] |5 jedem Fall sollte die Loslichkeit des Templats (als Mizelle) hoch
sein, um eine hohe Porositét erzielen zu kénnen. (3) Schlie3lich muss das Templat tber eine
mdoglichst leichte Synthese im GrammmaRstab zuganglich sein, die eine wohl definierte
Variation des Polymerisationsgrads selbst bei hohen Molmassen erméglicht.2%112.191 |m Zuge
der Blocklangenvariation ist allerdings zu beachten, dass damit auch die Loslichkeit verandert
wird, 1971991 sowie moglicherweise auch die Polymer- und somit Porenmorphologie geméaR des
Konzepts der geometrischen Packung der Mizellen nach Israelachvilil?03:132001 ynd gemaR des
Phasendiagramms des Copolymers (als Funktion von Polymer-Polymer- und Polymer-

Lésemittel-Wechselwirkung, Volumenanteil der Blocke und Blocklange). 10111
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ungelost inverse Mizelle molekular gelost (normale) Mizelle ungelost

: o z 9 © b q o ~ hydrophober
I * l, o c Block A

: ° ¢ ° B8 d : o ° . o ~n hydrophiler
i - o o 8 Block B

: : ° AT o Losemittel

WW»

Loslichkeitsparameter des Losemittels &,

Abbildung 5: Morphologie eines Blockcopolymers in Lésung in Abhangigkeit der Polaritat des Losemittels.

Die Synthese von Blockcopolymeren erfolgte urspringlich hdufig tiber eine lebende anionische
Polymerisation,**? die allerdings sehr sensibel auf VVerunreinigungen reagieren und somit ein
besonders hohe Reinheit der Chemikalien und Syntheseschritte erfordern.[*5291 Radikalische
Polymerisationen hingegen sind zwar robuster gegeniiber Verunreinigungen, allerdings
aufgrund der hohen Reaktivitdt der aktiven Ketten zu unkontrolliert fir eine
Templatsynthese.?°2  Dies anderte sich 1967 mit der Entdeckung®®! Kkontrollierter
radikalischer Polymerisationen und deren Weiterentwicklung in den 90er-Jahren,2%42%1 dje ein
definiertes, lineares Kettenwachstum und schmale Molmassenverteilungen ermoglichen. Zu
diesen laut IUPAC-Empfehlung?®! genannten reversibel deaktivierten radikalischen
Polymerisationen (RDRP) zéhlen die NMP (nitroxide-mediated polymerization),[?°"-2%1 OMRP
(organometallic mediated polymerization)?®2°1 und RAFT (reversible addition-
fragmentation chain transfer polymerization).?!212 Neben der RAFT wird fir die
Templatsynthese besonders héufig eine vierte kontrollierte Polymerisationsmethode eingesetzt:
die 1995 unabhangig voneinander von Matyjaszewski (mit Kupferkomplexen als
Katalysator)?*® und Sawamoto (mit Rutheniumkomplexen)?*4 entdeckte ATRP (atom
transfer radical polymerization). Die Kontrolle Gber die sonst unkontrollierte radikalische
Polymerisation beruht bei der ATRP auf dem Ausbalancieren der Geschwindigkeiten der
Initiierung und der Kettenreaktion: eine schnelle Initiierung der Polymerisation gewéhrleistet
ein gleichzeitiges Wachstum aller Ketten und die Verlangsamung der Kettenreaktion durch eine
temporére, reversible Inaktivierung der aktiven Ketten mithilfe eines Metallkomplexes??*! im
ATRP-Gleichgewicht (Schema 1) vermindert die Wahrscheinlichkeit fir Abbruchreaktionen

und hélt die Anzahl wachsender Ketten konstant.[201]

~PpX +[CulL]" == [CU'LX]" + ~=P,
_ _ Ketten-
inaktive Kette wachstum@

Schema 1: ATRP-Gleichgewicht zwischen der halogenterminierten inaktiven Kette Pn—X und der aktiven Kette Pr*, die
mit dem Monomer (M) radikalisch polymerisieren kann, am Beispiel eines allgemeinen Kupferkomplexes [CuL]".
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Die Geschwindigkeit der ATRP wird von vielen Faktoren beeinflusst, wie zum Beispiel vom
Losemittel 216271 dem  pH-Wert,?'81  der Temperatur,?2%22  dem Liganden des
Katalysators,[2212221 der Stabilitit des gebildeten Radikals®??!! und dem Halogen[??®! des
Initiators. Neben vor allem der Ligandentwicklung sind weitere Optimierungen der ATRP
durch konzeptionelle Anpassungen der Initiierung moglich, die eine bessere Kontrolle tiber die
Polymerisation erlauben, die teilweise Inaktivierung des Katalysators durch Regeneration
ausgleichen und so die Toleranz gegeniiber Sauerstoffspuren erhéhen.?°l Dazu zéhlen zum
Beispiel die elektrochemisch  (eATRP),?>l  photochemisch  (photoATRP),[225226]
organokatalytisch (0ATRP)??71 und mittels Ultraschalls (sonoATRP)??1  petriebenen
Polymerisationen. Allen voran die ATRP mit einem Metall (wie Cu®) als zusatzlichen Aktivator
und Reduktionsmittel (supplemental activator and reducing agent, SARA)??! erlaubt eine
leichte Katalysatorregeneration Uber eine Komproportionierung®°21 und somit hohe
Kontrolle tiber den Polymerisationsgrad (das heif3t die Blocklange) des Templats, der durch das

Konzentrationsverhaltnis von Monomer zu Initiator bestimmt wird.

In Publikation 1 wurde ein PEO-b-PHA-Copolymer mittels SARA ATRP von Hexylacrylat
mit einem PEO-Makroinitiator und Tris(2-pyridylmethyl)aminkupfer(l) als Katalysator
synthetisiert und dessen Eignung als Templat fiir grofle Mesoporen untersucht. Diese leicht
realisierbare Polymersynthese wurde in Publikation 2 verwendet, um eine Bibliothek an PEO-
b-PHA-Templaten mit variabler PHA-Blocklange (50 bis 500 Wiederholungseinheiten) im
Grammmalistab herzustellen. Durch deren Einsatz im Soft Templating von Silika konnte
geschlussfolgert werden, dass diese Polymerfamilie in der Lage ist, Kugelporen einzufihren,
die einen GrolRenbereich von 10 —80 nm abdecken, und somit ebenjene Licke zwischen
gangigen Soft und Hard Templates schliet. Da im Falle der Templatierung von Silika bekannt
ist, dass letzteres ein perfektes Replika der lyotropen Phase bildet!05:106.171232.2331 (gemiR
Avnirs Konzept des molecular imprintingt?** sogar bis auf molekularer Ebene), konnte dartiber
hinaus das Verhalten der Mizellen im Templatierungsprozess polymerphysikalisch naher
untersucht werden, allen voran der Kollaps der PEO-Ketten auf dem Kern der Mizellen. Wie in
Publikation 4 beschrieben, eignet sich PEO-b-PHA von Silika abgesehen auch zur

Templatierung von elektrochemischen relevanten Materialien wie Kohlenstoff und IrOx.

Eine gezielte Synthese mesoporéser Materialien und systematische Studien der Templatierung
erfordern prazise Methoden zur morphologischen Charakterisierung (Porengrofe,

Porenvolumen und Konnektivitét), welche im néchsten Kapitel vorgestellt werden.
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2.2 Charakterisierung mesoporoser Materialien

Zur Untersuchung pordser Strukturen gibt es ein groRBes Repertoire an Methoden, die
verschiedene Porengrofienbereiche abdecken und unterschiedliche Informationen liefern. So
bieten bildgebende Verfahren wie die Rastertunnel-2%! und Transmissionselektronen-
mikroskopie (TEM) fur Mikroporen, die Rasterelektronenmikroskopie (REM) fur Mesoporen
sowie die REM und Lichtmikroskopie fur Makroporen zweidimensionale Einblicke in die
Porenstruktur. Grofle und Volumen von Meso- und Makroporen kénnen auBerdem mittels
Quecksilberporosimetriel?®237 pestimmt werden. Mesoporése Materialien lassen sich dariiber
hinaus Uber Physisorption,?% Kleinwinkel-Rontgen- und Neutronenstreuung (SAXS und
SANS),[2382%] Positronen-Annihilations-Spektroskopie, 24l Thermoporosimetrie, 24!
Kernspinresonanz (NMR)-Kryoporosimetrie®*? und NMR-Relaxometrie?**l untersuchen.
Ferner ermdglicht die ellipsometrische Porosimetrie**l die PorengréBenbestimmung in
mesopordsen Diinnfilmen, sowie die inverse GréRenausschlusschromatographiel?-247] diese in
flissiger Phase (z. B. von pordsen Gelen). Routinemélig wird die PorengréfRe mesopordser
Pulver, wie in Abbildung 6 anhand der jeweils farblich entsprechenden PorengréRenverteilung
zusammengefasst, durch stichprobenartiges Ausmessen der Poren in REM-Bildern, aus der
Hysterese der Physisorptionsisotherme und durch Modellierung von SAXS-Daten (bspw. im
Falle zufallig verteilter Kugelporen unter Annahme eines Formfaktors fir Kugeln und eines
Percus-Yevick-Gitterfaktors®®-250)  pestimmt, was mit anderen Methoden (wie der

Elektronentomographie in dieser Arbeit) verglichen werden kann.

Elektronenmikroskopie Kleinwinkelstreuung

b foees”
‘@
c
2
=

‘
§ 100 P____L:j 0 10 20 30 40 50 60 70 80
>§ ] \_ PorengréRe / nm )

00 02 04 06 08 1.0 Porengrése
p-py

o 8

Physisorption Elektronentomographie

Abbildung 6: Charakterisierungsmethoden zur Bestimmung der PorengréfRe in mesopordsen Pulvern.
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Die Bestimmung der Porenwanddicke kann prinzipiell aus REM-Bildern oder tomographischen
Rekonstruktionen® lokal bestimmt werden, wird allerdings typischerweise aus SAXS-
Experimenten erhalten: entweder aus der Differenz von Porenabstand und -durchmesser unter
Annahme eines Packungsmodells der Poren!*3% oder (v. a. fiir ungeordnet porése Materialien)

durch Modellierung und Bestimmung einer sogenannten Sehnenliangenverteilung.2°2

Die Verkniipfung von Mesoporen lasst sich iiber Physisorption,?* vor allem durch Kopplung
mit SAXS-531 oder SANS-Experimenten!*®l aber auch dreidimensional aufgelost tber
Elektronen-?541 oder Réntgentomographiel®®! studieren. Dariiber hinaus ermdglichen NMR-
basierte Methoden die Quantifizierung der Diffusion von Testmolekiilen im Porensystem,*25¢]
sowie deren Fahigkeit, Poren zu erreichen.?*31 Abseits davon kann die Zugénglichkeit eines
Porensystems auch indirekt bestimmt werden. So infiltrierten zum Beispiel Hartmann et al.
einen mesopordsen Oxidfilm mit einem Referenzelektrolyten und untersuchten dessen
Verteilung im Film ex-situ mittels Sekundarionen-Massenspektrometrie (SIMS).[?57] Dieser
praxisorientierte Ansatz wurde in Publikation 1 und 4 ausgenutzt, um die Zuganglichkeit des
PEO-b-PHA-induzierten Porensystems dreidimensional zu bestatigen, was vor allem im Falle
des Kohlenstofffilms ein guter Indikator fur die Zuganglichkeit des Films ist, da hier erst nach

einer elektrochemischen Nachbehandlung ein zugéangliches Porensystem nachweisbar war.

In  dieser Arbeit wurden sowohl Physisorptionsexperimente als auch die
Elektronentomographie besonders intensiv zur Charakterisierung mesopordser Pulver
herangezogen und dabei diverse morphologische Parameter wie PorengroRRe und -konnektivitat

analysiert. Vor diesem Hintergrund wird auf diese Methoden im Folgenden n&her eingegangen.

2.2.1 Physisorption

Physisorptionsexperimente zahlen zu den géngigsten Charakterisierungsmethoden mikro- und
mesoporoser Materialien hinsichtlich Oberflache, Porenvolumen, -groRe und -konnektivitat.
Die Messung basiert auf der Anlagerung (Adsorption) von Atomen oder Molekilen des zur
Analyse herangezogenen Gases (Adsorptiv bzw. nach Adsorption Adsorpt genannt) an der
Oberflache des pordsen Feststoffs (Adsorbens).[?®] Abhangig von der Stirke der Adsorpt-
Adsorbens-Wechselwirkung  spricht man im Falle groRer Adsorptionsenthalpien
(> 100 kJ mol™?) von Chemisorption, bei der die Wechselwirkung eher einer kovalenten
Bindung entspricht. Dieser Fall tritt beispielsweise zwischen Kohlenstoffmonooxid (CO) und

diversen Edelmetallen wie Platin auf und wird im Rahmen der CO-Strippung zur Bestimmung
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der elektrochemisch aktiven Oberflache von Elektrokatalysatoren genutzt.25%2601 Entspricht die
Wechselwirkung eher einer Van-der-Waals-Wechselwirkung mit einer Adsorptionsenthalpie
<100 kJ mol™, spricht man von Physisorption und der Adsorptionsprozess kann als
Kondensation auf der Oberflache verstanden werden. Dieser Fall erfolgt zum Beispiel zwischen
Stickstoff oder Argon und oxidischen Feststoffen und findet in Physisorptionsmessungen
Anwendung. Experimentell wird dabei bei konstanter Temperatur die Menge an adsorbiertem
Adsorptiv in Abhéangigkeit des Partialdrucks des Gases gemessen und als sogenannte
Physisorptionsisotherme aufgetragen. Konkret wird zundchst der Partialdruck bis zum
Sattigungsdampfdruck po erhéht (Adsorptionszweig) und im Anschluss wieder Richtung
Vakuum erniedrigt, um den gegenteiligen Prozess zu untersuchen (Desorptionszweig). Die
Messtemperatur wird sehr gering gewéhlt — in der Regel die Siedetemperatur des gasférmigen
Adsorptivs — damit die Desorption von der Oberflache die Adsorption nicht Gberwiegt und eine

vollstiandige Benetzung der Oberflache erreicht werden kann.[236]

Die Form der Isothermen liefert wichtige Hinweise auf die Morphologie des Adsorbens
(Porenform und —gréRe) und die Wechselwirkung zwischen Adsorptiv und Probe (Be- oder
Entnetzung). Gemall IUPAC werden sechs Typen von Isothermen unterschieden, die in
Abbildung 7 gezeigt sind.[?81 Mikropordse Materialien (Porengrée <2 nm) zum Beispiel
zeigen lediglich einen starken Anstieg im adsorbierten Volumen bei kleinen Relativdriicken
(p/po < 0,15), da die kleinen Poren aufgrund des starken Adsorptionspotentials bei kleinen
Driicken bereits vollstandig gefullt werden (siehe Typ I). Im Falle von Mesoporen (2 — 50 nm)
sind hohere Relativdriicke notwendig, um die Poren zu fiillen, wobei der dafir notwendige
Relativdruck mit der PorengréRe zunimmt. Ublicherweise wird fir Mesoporen allerdings
festgestellt, dass Adsorptions- und Desorptionszweig nicht Gbereinanderliegen. Denn Uibersteigt
die Porengrolie einen Wert von etwa 4 nm, sind die gegentiberliegenden Porenwénde zu weit
voneinander entfernt, als dass sich ihre Adsorptionspotentialkurven beeinflussen kénnten.
Somit erfolgt die Adsorption des Gases nicht im thermodynamischen Gleichgewicht (binodal),
sondern als aktivierter, Kkinetischer Nukleationsprozess (spinodal), was mit einer
Nukleationsbarriere verknipft ist. Die Entleerung der Pore wéhrend des Verdampfens hingegen
verlauft tiber einen riicklaufigen Fliissigkeitsmeniskus im Gleichgewicht beim Uberschreiten
der Binodalen im Phasendiagramm.[158258261.2621  Dyrch  die  Verschiebung des
Adsorptionszweigs in Richtung hoherer Relativdriicke spaltet sich die Isotherme somit zu einer
Hystereseschleife auf (Typ V), dessen Form von Temperatur, Adsorptiv, Porenform und
Porenzuganglichkeit abhéngt. Dieser Isothermentyp (Abbildung 7 rechts) wird fur die
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allermeisten Materialien in den Publikationen 1 —4 beobachtet und ist charakteristisch fiir
mesopordse Proben.

I(a): Ultramikroporen 1I: un-/makroporés
(heterogene Oberflache) Bereiche einer Isotherme vom Typ IV(a)
( Ads — Kondensatign
s zwischen Partikeln
A . . <
Monolage fertig ausgebildet

3 &
£ | Il: entnetzendes Adsorbens | 1V(a): groBe Mesoporen £
=] =]
S S | [Muttilagen- .
b4 ) @ | |adsorption po®
k= 04 () €
2 < < 2
2 ' g| U _
° pos ° Kondensation
§ ﬁ in Mesoporen

V: entnetzend mesoporos VI: un-/makroporés

(gleichmaRig)
) Mlkroporenfullungl
§
0 Relativdruck p - p;¥  —— 1

Relativdruck p - p,™

Abbildung 7: ITUPAC-KIlassifizierung von Physisorptionsisothermen (links) und Beschreibung der einer Isothermen
zugrundeliegenden Prozesse mit schematischer Darstellung der Mesoporenfullung und -entleerung (rechts).

Zwischen Mikro- und Mesoporenfillung (etwa p/po =0,05-0,30) erfolgt die Adsorption
reversibel unter Ausbildung eines flussigkeitsahnlichen Films (den Multilagen) auf der
Oberflache. Die GleichméafRigkeit der Oberflache bestimmt hierbei, wie ungehindert die
Multilage wachsen kann, das heif3t, ob Mono- und anschlieBende Multilagen schichtweise
(Typ VI) oder gleichzeitig wachsen (Typ Il). Dieser Teil der Isothermen bietet die Grundlage

fiir die Bestimmung der spezifischen Oberflache einer Probe wie im Folgenden erklart.[?58]

Es gibt verschiedene Ansatze zur Beschreibung einer Adsorptionsisothermen, beispielsweise
von Langmuir,2632641 Freundlich®] oder Temkin,?®®! wobei das Modell nach Brunauer,
Emmet und Teller (BET)!2%71 unter diesen am weitesten verbreitet ist und auch die Ausbildung
von Multilagen inkludiert. In jedem Fall ist zu beachten, dass all diese Modelle nur die
Adsorption auf einer flachen Oberflache beschreiben und somit keine Porenfillung betrachten,
wodurch dieser Ansatz nur fur den Bereich der Isothermen giltig ist, in dem weder Mikro- noch
Mesoporenfillung stattfinden. Unter der Annahme, dass sich eine Monolage ausbildet, auf der
eine zuféllige Multilage mit konstanter Adsorptionsenthalpie kondensiert, ergibt sich die BET-
Gleichung. Mit ihrer Hilfe ergibt sich aus einer linearisierten Auftragung die Stoffmenge an

Adsorpt in der Monolage. Diese lasst sich mit dem spezifischen Flachenbedarf eines einzelnen
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Adsorptmolekuls und der Masse an verwendeter Probe in eine spezifische Oberflache Sger
umrechnen. Der so erhaltene Wert beschreibt allerdings nicht die tatsdchliche Oberflache der
Probe, sondern lediglich die fiir das Adsorptiv zugangliche Oberflache, da die endliche Grole
des Adsorptivatoms/-molekils verhindert, dass jede Pore erreicht und jede Rauigkeit der
Oberflache ideal abgebildet werden kann. Ferner ist die Wahl des Adsorptivs relevant: Die
IUPAC empfiehlt einatomige Adsorptive wie Argon oder Krypton, die als kugelférmige
Adsorptive im Gegensatz zum zweiatomigen und somit stabformigen Stickstoff einen

konstanten Platzbedarf auf der Probenoberflache einnehmen. 258

Eine quantitative Auswertung der Physisorptionsisothermen im Hinblick auf die
PorengroRenverteilung (pore size distribution, PSD) ermdglichen die von dem BET-Modell
nicht erfassten Bereiche der Kapillarkondensation, das heif3t die Mikro- und Mesoporenfullung.
Denn wie zuvor angemerkt, hangt der Relativdruck, bei dem die Kondensation in einer Pore
auftritt, von der GroRe der Pore ab und nimmt mit zunehmender Porengrélie zu. Einen Ansatz,
den Porenradius rp mit dem Relativdruck der Porenfillung zu korrelieren, liefert unter
Annahme einer sphérischen Porengeometrie die in Gleichung (1) gezeigte Kelvin-Cohan-
Gleichung (mit der Oberflachenspannung y und dem molaren Volumen Vi des flissigen
Adsorptivs, dem Kontaktwinkel 6, der idealen Gaskonstante R, der Temperatur T und der Dicke
tc der Adsopt-Multilage vor dem Eintritt der Kapillarkondensation):

2yV, cosb

rrm(2) @

Viele traditionelle (makroskopische) Methoden wie die Barrett-Joyner-Halenda-Methode, 2]

e =

die auf den Kelvin-Cohan-Gleichungen!?®27 peruht, oder die Derjaguin-Broekhoff-de-Boer-
Theoriel?12721 |iefern fiir groRe Mesoporen (> 15 — 30 nm) gute Ergebnisse. Im Falle kleiner
Poren mit Durchmessern unterhalb von 20 nm unterschéatzen diese jedoch aufgrund der
zunehmenden Ungenauigkeit in der Bestimmung von tc die Porengrol3e signifikant, z. B. um
30% fir Mesoporen von 10 nm Groéflie. Moderne (mikroskopische) Methoden auf Basis von
groRkanonischen Monte-Carlo-Simulationent?’32"1 oder der Dichtefunktionaltheorie?” (meist
non-local bzw. fir Kohlenstoff optimiert quenched solid density functional theory,
NLDFTI276277 hzw, QSDFT278279) {iberwinden diese Schwache und bieten durch die akkurate
Modellierung des Phasendiagramms des nanoskalig eingeschlossenen Fluids Uber den
gesamten Mikro- und Mesoporenbereich zuverléssige Ergebnisse. Der DFT-Ansatz beruht auf

der Anpassung einer experimentellen Isothermen mit einem Satz (Kernel) von simulierten
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Isothermen flr ein vorgegebenes Adsorptiv, Adsorbens, Temperatur, Porengeometrie und
Porengrolle. Da die ersten vier Parameter bekannt bzw. angenommen werden, kdnnen die
(somit nur noch) porengréfRenabhdngigen Isothermen additiv Uberlagert werden, um die

Messdaten moglichst gut anzupassen, wodurch sich die PSD als Gewichtungsfunktion ergibt.

Auf die oben beschriebene Weise kann fir einheitliche und gut zugéngliche Poren, der
Porendurchmesser aus dem Desorptionszweig bestimmt werden, aber auch aus dem
Adsorptionszweig der Hysterese unter Verwendung eines geeigneten DFT-Kernels, der die
Nukleationsbarriere der Adsorption korrekt inkludiert.?2% Allerdings wird wie oben angedeutet
die Form der Hystereschleife von der Porenform und —zugénglichkeit beeinflusst, wodurch sich
die nach der IUPAC in finf Typen Klassifizierten Hystereseschleifen ergeben,!?81 was unter

Umsténden bei der Interpretation der PSD beachtet werden muss (siehe Abbildung 8 links).

Lage des Phaseniibergangs: Hystersescans (partielle Desorptionszweige):
initiierte H1: Gleichgewichtsleerung | H2(a): Pore Blocking H2(a): Cavitation
Kondensation
st g T
= Sy Pore 1 € c
g ¥ Blocking | | '€ S g 1 .
el Sre—|='3 § E] » -
S &i /88| 9 < e .
> 1 s 52| = v <
"] >0 @
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Abbildung 8: Lage des Phasenlibergangs und Korrelation dieser mit der PorengréRe fir die Verdampfung im
Gleichgewicht (durchgezogene Linie) sowie fur durch Netzwerkeffekte beeinflusste Porensysteme (links). Zusétzlich
sind Wege zur Bestimmung des vorliegenden Netzwerkseffekts mit moglichen Porenschemata gezeigt (rechts).

Treten zum Beispiel Netzwerkeffekte auf, das heif3t ist eine Mesopore nur durch eine kleine
Porenoffnung zugénglich, ist die Verdampfung des Fluids aus der Pore verzdgert und der
Desorptionszweig verglichen mit der Hysterese fur offene und einheitliche Poren (Typ H1) in
Richtung niedrigerer Relativdriicke verschoben (Typ H2(a)).[2%62%82771 Dje Entleerung der
groReren Mesopore erfolgt erst bei dem niedrigeren Relativdruck, bei dem der engere,
limitierende Porenhals entleert wird (orange gekennzeichneter Bereich in Abbildung 8 links).
Aus diesem Grund entspricht die PSD, die aus dem Desorptionszweig abgeleitet wird in diesem

auch als Pore Blocking bezeichneten Desorptionsmechanismus nicht der eigentlichen PSD,
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sondern der GroRRenverteilung der Porenhélse. Unterschreitet die Porendffnung aber eine
kritische GroRe (von etwa 4 — 5 nm fiir Stickstoff bei 77 K), verringert sich der zur Entleerung
notwendige Relativdruck so weit, dass die Stabilitatsgrenze der Flissigkeit erreicht wird und
die gesamte Pore samt Hals (ber eine spontane Bildung von Gasblasen entleert wird. Dieser
Grenzfall wird als Cavitation bezeichnet und erfolgt beim Kavitationsdruck, der durch das
Adsorptiv, die Temperatur und die GroRe der groRen (limitierten) Pore bestimmt wird.[?8]
Hierbei liefert die aus dem Desorptionszweig bestimmte PSD keine morphologischen
Informationen, sondern stellt ein thermodynamisches Artefakt dar; Uber die GroRe der
Porentffnung kann lediglich geschlussfolgert werden, dass diese unterhalb des kritischen Werts
liegt. Fir solche Porensysteme muss die PSD aus dem Adsorptionszweig abgeleitet werden. In
Publikation 1 wurde hierfir am Beispiel von mesopordsem Silika demonstriert, dass die
Analyse der PorengroRe anhand der Adsorption sogar fiir groRe Kugelporen von etwa 40 nm

zuverlassig moglich ist, fur die bisherige NLDFT-Methoden noch nicht programmiert wurden.

Da die Bedeutsamkeit der desorptionshasierten PSD davon abhdangt, ob die Porenentleerung
uber Pore Blocking oder Cavitation erfolgt, ist eine experimentelle Unterscheidung beider
Prozesse von groRBer Relevanz. Diese ist Uber zwei Wege mdoglich: Uber einem
Adsorptivvergleich?®l und iiber Hysteresescans,!?322 wie in Abbildung 8 rechts gezeigt.
(1) Im ersten Fall wird zun&chst die adsorptionshasierte PSD der desorptionsbasierten
gegeniibergestellt. Ist letztere im direkten Vergleich nicht deckungsgleich, sondern zu kleineren
PorengroRen verschoben, ist die Verdampfung verzogert und ein Netzwerkeffekt liegt vor. Im
zweiten Vergleich werden die desorptionsbasierten PSDs aus zwei Physisorptionsmessungen
mit unterschiedlichen Adsorptiven (meist Stickstoff und Argon) tbereinandergelegt. Da im
Falle von Pore Blocking die PSD einen morphologischen Ursprung hat, mussen beide
Verteilungen kongruent sein; im Falle von Cavitation héngt die PSD-Verschiebung von der
Thermodynamik des Adsorptivs ab und die Verteilungen sollten sich demnach unterscheiden.
(2) Alternativ kdnnen einer Physisorptionsmessung mehrere partielle Zyklen angeschlossen
werden, bei der die Mesoporen sukzessive weniger geflllt werden, bevor die Desorption
gestartet wird. Die Form der partiellen Desorptionszweige hangt hierbei davon ab, ob die
Desorption tber Pore Blocking oder Cavitation erfolgt. Im Falle von letzterem behalten die
partiellen Scans die Form der urspriinglichen Isothermen bei, da Desorption ausschlief3lich
beim Kavitationsdruck erfolgt (alle Teilkurven sind parallel zueinander). Im Falle von Pore
Blocking bilden die schrittweise ungefillt bleibenden Mesoporen neue Fluid-Dampf-
Grenzphasen, die die Verdampfung aus benachbarten Poren erleichtern. In der Folge gestalten
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sich die partiellen Isothermen merklich von der urspriinglichen Form veréndert und minden
alle in einem gemeinsamen Schnittpunkt. Da vor allem in ungeordnet pordsen Netzwerken die
PSD der Porenhalse sehr breit sein kann, liegt nicht immer nur ein Grenzfall von offenen Poren,
Pore Blocking oder Cavitation vor, sondern es kdnnen auch Zwischenfalle von teilweise
blockierten und offenen Poren vorliegen. Fur solche ungeordnet pordsen Materialien konnten
Kube et al. am Beispiel von Silika-Monolithen durch eine Kopplung von Hysteresescans mit

in-situ-SAXS-Experimenten zeigen, dass ein PorengréRengradient im Metalloxid vorliegt.[?5

Netzwerkeffekte konnen nicht nur den Desorptionzweig beeinflussen, sondern auch den
Adsorptionsprozess. In den meisten mesoporésen Systemen (sofern die Mesoporen gréRer als
etwa 4 nm sind) ist die Adsorption durch die Nukleationsbarriere verglichen mit dem binodalen
Gleichgewichtsprozess verschoben. Diese Verschiebung kann in gewissen, stark vernetzten
Porennetzwerken allerdings reduziert oder gar aufgehoben werden (blau gekennzeichneter
Bereich in Abbildung 8 links), wenn das flissige Adsorptiv aus bereits geftillten Mesoporen
in groRere, benachbarte Mesoporen, die mit metastabilem Dampf geftllt sind, eindringt. Auf
diese Weise kann die Nukleationsbarriere gesenkt oder gar umgangen werden. Dieser Fall einer
initiierten Kondensation[*%8283-281 yverhindert eine valide PorengréRenbestimmung auf Basis

des Adsorptionszweigs.

Abgesehen von der tberwiegend qualitativen Analyse der Porenverkniipfung bieten moderne
Evaluationsmethoden Ansétze zur quantitativen Untersuchung der Konnektivitat. Mithilfe von
Netzwerkmodellen, die auf der Perkolationstheorie und Monte-Carlo-Simulationen beruhen,
lassen sich experimentelle Hysteresescans anpassen und so die Anzahl, Gréf3e und Ordnung der

verkniipfenden Poren quantifizieren,[159:160.286.287]

Da die Netzwerkanalyse mittels Physisorptionsexperimenten auf Porenhdlse limitiert ist, die
die Desorption beschrénken, sind andere Messmethoden wie zum Beispiel Elektronen-
tomographie notwendig, um auch groRere Porenverknipfungen sowie deren rdumliche
Verteilung zu studieren. In Publikation 3 wird die Physisorption der Tomographie zur
Untersuchung der Porenkonnektivitat gegeniibergestellt. Es zeigt sich, dass beide Methoden auf
dem ersten Blick widersprichlich, tatsdchlich aber komplementdr zueinander sind und in
Kombination ein volles Bild des Porensystems liefern, da Physisorption die Zuganglichkeit des
Porennetzwerks beschreibt, wahrend die Tomographie Einblicke in die lokale Verknipfung

liefert. Die Grundlagen dieser bildgebenden Methode werden im néchsten Kapitel beschrieben.
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2.2.2 Elektronentomographie

Konventionelle elektronenmikroskopische Aufnahmen liefern lediglich zweidimensionale
Bilder eines dreidimensionalen Objekts, wohingegen tomographische Methoden ein
dreidimensionales Modell rekonstruieren. Dafiir wird eine Serie an winkelabhéngigen TEM-
Bildern aufgenommen und aus diesen Projektionen der porésen Probe (ber ein
Rekonstruktionsalgorithmus, wie beispielsweise DART (discrete algebraic reconstruction
technique), ein 3D-Modell der Porenstruktur berechnet.[2882%1 Die Qualitat der Rekonstruktion
héngt von der Anzahl an aufgenommenen TEM-Bildern und der GroRe des Winkelbereichs
ab,?® der aufgrund der Probenhalterung nicht bei +90°, sondern maximal bei etwa +70°
liegt.?®1 Vor allem mittels DART werden akkurate Rekonstruktionen auf der Nanoebene
erhalten, die im Gegensatz zu anderen Charakterisierungsmethoden pordser Materialien keine

Annahmen beziiglich der Porengeometrie benétigen und auch isolierte Poren abbilden.[2912%2]

Transmissions- CN d(Hals) d(Pore) d(Wand)
elektronen- O
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Abbildung 9: Prinzip der Elektronentomographie zur Untersuchung morphologischer Parameter, wie der
Koordinationszahl (CN) der Poren, der GrofRRe der Poren und deren Halse, sowie der Wanddicke.

Auf Basis der rekonstruierten Porenstruktur kdnnen viele morphologische Parameter untersucht
werden. Uber eine iterative Verkleinerung des Porenraums (Skelettierung)®®®! kann das
Porenskelett als zentraler Pfad durch das Porensystem erhalten werden (Abbildung 9), dessen
Verzweigung (Koordinationszahl, CN) Aufschluss iiber die lokale Verkniipfung liefert.[24
Tallarek und Mitarbeitende simulierten auf Basis des Porenskeletts, dessen Tortuositét
(,,Gewundenheit) und der PorengréfRe die Transportprozesse und -limitierungen von

katalytischen Reaktionen in mesoporosen Materialien.[?®® In Publikation 3 wurden die

24



Aktueller Stand der Forschung

Skelettierung genutzt, um das Vorhandensein von separierten Subnetzwerken selbst in stark
vernetzten Porensystemen zu bestdtigen, die in Physisorptionsmessungen zu ausgepragten

Netzwerkeffekten fihren.

Daruber hinaus kénnen sowohl die PorengroRe als auch die Wanddicke statistisch erfasst
werden. Hierflr werden entweder die Sehnenlangenverteilungen fiir den Poren- und Wandraum
(im Gegensatz zu SAXS) unabhangig voneinander generiert?°6-2%1 oder die lokale Stérke der
jeweiligen Phase ortsaufgeldst bestimmt.[?522%41 |etztere ist definiert durch den Durchmesser
der groRten Kugel, die sich an gegebenem Voxel gerade noch in die eine Phase einfligt, ohne
die andere zu penetrieren.?* Die Bestimmung der lokalen Starke des Porenraums inkludiert
auch den Porenhals, sodass mittels Elektronentomographie wie in den Publikationen 1 -3
gezeigt nicht nur Anzahl, sondern auch GroRRe der verkniipfenden Poren quantifiziert werden
kann. Auch wenn die Tomographie wie alle mikroskopischen Verfahren eine lokale Methode
ist, konnten Prates da Costa et al. aus der tomographischen Rekonstruktion eine SAXS-Kurve
simulieren und durch den Vergleich mit experimentellen Streudaten zeigen, dass die

rekonstruierten Partikel repréasentativ fiir die gesamte Probe sind.[?5120]
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ABSTRACT: Mesoporous materials with defined pore geometry ,q o 9 —— {
act as important modals for porous substances being applied in  femplate o~ formation- ,
various fields of materials research due to their large surface area— PEO-b-PHA [0 . f
from catalysis to coatings and from solar cells to batteries and ¢y Hex | #
capacitors. Thus, understanding structure-property relationships oyjde A
requires the capability of deliberately and precisely tuning the ¢ ‘,._. —
mesoporosity, i.e., pore diameter, connectivity, and wall thickness. - g -

Howaever, especially for the interesting pore size range between 35 = - 15 Al
and 70 nm, only a few convenient block copolymer templates are ‘: ’

available using micellar self-assembly. In this study, we synthesized A

poly(athylene oxide)-block-poly(hexyl acrylate) copolymers (PEO-

b-PHA) by a supplemental activator reducing agent atom transfer 12 "Il‘ﬂ

radical polymerization (SARA ATRP) and employed them as soft

templates for the preparation of ordered mesoporous metal oxide powders with spherical mesopores of ca. 40 nm in diameter, as
shown by scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM), and small-angle X-ray
scattering (SAXS). With the aid of argon physisorption, STEM based tomography, and time-offlight secondary ion mass
spactrometry (ToF-SIMS), we performed in-depth elucidation of pore shape and their mutual connection. In the case of
mesoporous silica, 40 nm spherical mesopores are connected to 3—4 adjacent pores by 15 nm pore windows as well as 1-2 nm-sized
micropores. These micropores seem to originate from single PEC chains penetrating the 17 nm thick pore wall. Compared to such
mesoporous silica, mesoporous, crystalline zirconia possesses significantly higher pore accessibility. PFurthermore, we prepared a set
of PEO-b-PHA block copolymers with different block lengths, showing that mainly the PHA block length governs the mesopore size
and thus enables mesopore size tuning., These results highlight that PEQ-B-PHA is a promising template for the preparation of
mesoporous metal oxides (in particular, crystalline ones) with tailored mesopore sizes, which enables systematic studies on property-
porosity relationships.

B INTRODUCTION gases Tﬁggh the pore system can maximize the catalytic
Ordered mesoporous metal oxides play a central role as ad]n’:y ] . b“;lsal?t_' aﬁﬁr mhngg;{otom]ssﬁuﬂm
promising model mtemls in various ications sm:h as atomic layer deposition. Thus, suitable procedures jare
heterogeneous caln]}fm -3 ph tocatalysis,"° coa ad required to synthesize and accurately study model materials,
sorption and biocatal "9 101 electronic dﬂnmungis enabling a systematic variation of the aforementioned
mesoporosity is geuvzrallr advantageous due to the large md parameters on ﬂ‘m mesoscale. In this f“’]df major CO]'Itl'I.IJ'L‘I‘D'J]‘IS
readily accessible interface area it introduces™* TNeSOPOroHS to sol—gel l:hgl:mstrr and 1_1:"! preparation of h'm"df"]““}r
materials possessing defined pore shape and ¢ tivity all ordered materials were achieved by the group of Clément
elucidating fundamental aspects of transport and interaction.
Pore siza, wall thickness, and pore connectivity are crucial Received: May 23, 2023
parameters governing electrical, optical, and mechanical proper- Revised:  October 30, 2023
ties as well as determining heat and mass transport in porous Accepted: October 31, 2023
catalysts. "7 An accurate in-depth characterization and fine- Published: November 20, 2023
tuning of the mesoporosity are of fundamental importance to

tailor those properties. Adjusting the transport of fluids and
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Figure 1. Overview of sel ected soft templates and the resulting silica pore structures dependent on the pore size. In addition, the influence of the pore
size on surface area as well as the diffusion within and into the pore is given together with the original citations of the templates. SEM and TEM images,
respectively, are reprinted with permission from left to right from ref 30, copyright 1992 American Chernical Society (MCM-type silica), from ref 42,
copyright 2006 American Chemical Society (3BA-type silica), from ref 43, copyright 2003 American Chemical Society {KLE-type silica), and fromref
56, copyright 2007 Elsevier (inverse-opal silica). The fourth SEM image of PIB-b-PEO-derived silica was recorded in this work as described in the

Experimental Section.

Sanchez.”™** One frequently used method to prepare ordered
mesoporous metal oxides was significantly pushed forward also
by Brinker and co-workers and is based on the evaporation-
induced self-assembly (EISA) mechanism®**® applying
amphiphilic soft templates. The latter form micelles in
appropriate solvents (either directly or upon solvent evapo-
ration), which arrange themselves in an ordered array upon
proceeding evaporation.>* Embedded in a gel from a hydrolyzad
and condensed metal oxide pracursor or using preformed
dispersible nanoparticles,”” an ordered array of mesopores
within a metal oxide matrix is obtained after calcination. The
pore dimension thus directly depends on the template used.
On the length scale of pore sizes (Figure 1), several structure-
directing agents have been developed starting from soft
templates for micro- and mesopores and hard templating
approaches for macropores.”**** In detail, ionic surfactants
like n-alkyl ammonium compounds (yielding MCM-type
silica)®™*' and nonionic surfactants like n-allyl poly{ ethylene
oxide) (yielding MSU-type silica)®™** are applied to induce
small pores in a range between 2 and 4 nm. Going one step
toward larger pore sizes, block copolymers consisting of blocks
of poly(ethylene oxide) and poly(propylene oxide)}—PEO-b-
PPO-b-PEO—are frequently used in form of the two
reprasentatives Pluronic P123 and F127. Employing this kind
of polymers, pore sizes between 5 and 10 nm are accessible as
known from the well-studied silica materials of the SBA and KIT
family.”*~* Larger mesopores can be obtained with different
block copolymers such as poly(ethyleneco-butylens)-block-
poly({ethylene oxide)****—commonly referred to as KLE—and
poly{isobutylene)-block-poly{ethylene oxide) (PIB-b-PEO).
While KLE polymers typically lead to defined spherical
masopores with diameters in the range of 13—22 nm, the
combination of a KLE polymer with an ionic liquid yielded a
network of spherical 14 nm pores connected via 2.6 nm pores
and by that to an improvement of the mutual connection of
these spherical m@mpomsfﬁ““ PIB-b-PEO-derived materials
are able to cover a range of pore sizes from 11 to 40 nm.' 5444
Also, poly(isoprene)-block-poly(ethylene oxide) (PI-b-
PEO)," 5 poly(ethylene oxide)-block-poly(methyl methacry-
late) (PEO-b-PMMA),* and po]g(N,N—djmeﬂlﬂacrﬂamide}-
block-poly(styrene) (PDMA-b-PS)** copolymers are capable of

9880

generating pore sizes above 20 nm by soft templating. If hard
templates are used, then a variety of different-sized macropores
can be introduced. While colloidal poly(styrene) (PS) or
poly{methyl methacrylate) (PMMA) spheres lead to highly
porous inverse opals with a narrow pore size distribution and
tailored pore size between 70 and 300 nm,* ¥ 80, beads, e.g.,
Stiber particles, give access to macropores from 100 nm until
several microns in diameter.®® Figure 1 provides an overview of
accessible pore size regimes by selected templates, while a
detailed collection of templates, which have been investigated
during the past 30 years, and their resulting pore sizes can be
found in Table S1. Note that this table focuses on the
mesoporous materials obtained by the templating action of
the template in the respective, typical synthesis without further
modifications of the synthesis, such as the addition of swelling
agents in order to compare the individual templates.

The gap between soft and hard templates, ie., the pore size
regime from 35 to 70 nm, is difficult to fill by soft templating,
especially aiming at defined pore geometries. Block copolymers
with a sufficiently high molar mass often suffer from low
solubility and therefore impede the EISA or nanocasting
procedure. However, it is particulady this pore size region that
is very relevant for ordered mesoporous oxides due to the
following consideration: as shown in Figure 1, the surface area of
2 porous system increases with decreasing pore size. Based solely
on this trend, a small pore size would be ideal for a catalytic
application. Yet, the intra-pore diffusion is highly restricted in
confined systems (small pores) and generally is expected to
increase with increasing pore size. Indeed, photocatalytic studies
using ordered mesoporous CsTaWO; of varying pore sizes
between § and 15 nm confirm an enhanced catalytic activity due
to two effects: an improved mass transport in case of larger pores
and, concomitantly, a larger dimension of CsTaWC; nanocryst-
als, which can be accommodated.” Based on these two aspects
(surface area and intra-pore diffusion), 2 medium pore size of
about 40—50 nm should represent a trade-off between a still high
surface area and a mostly unrestricted diffusion within a pore,
especially, for larger reactant and product species in case of
catalysis. Still, one further parameter must be taken into
account—namely, the pore accessibility, i.e., the connectivity
within the mesopore space. Neither a high surface area nor an

hiitpszfded orgl 10,1021 /acs chemmater 301255
732533

Mater, 2033, 35, 95

29



Publikationen

Chemistry of Materials

pubs.acs.orgfom

unrestricted diffusion of reactants within a single pore can
provide a high catalytic performance if diffusion into the pore is
hindered. Herewith, transport into the pore may show no
obvious dependency on the pore size (Figure 1, bottom) but
depends on the inter-pore connectivity. Unfortunately, several
of the block copolymers which were designed to produce larger
mesopore sizes and, in addition, to withstand the crystallization
conditions of the metal oxide (e.g., 2 high synthesis tempar-
ature) were shown to exhibit a tendency to form spherical
micelles owing to the large poly( ethylene oxide) block (see the
concept of the packing parameter FL.51), As a result, the minor
micelle overlap leads to a poor pore connectivity and overall
mass transport in case of KLE-type and PIB-b-PEO-derived
metal oxides (both spherical mesopores),® while MCM- and
SBA-type materials with cylindrical pores normally possess a
nearly unrestricted mesopore accessibility as well as mass
transport within one cylindrical mesopore for small molecular
species. For instance, this was shown for MCM-48 silica b}r the
absence of network effects in physisorption expenmeuts
well as for the unrestricted immobilization in SBA-15 silica.™ L|.'1
contrast to KLE-type and PIB-b PEC-derived materials, inverse-
opal silica is readily accessible despite being derived from
spherical templates. However, their pore m.uduw sizes are
sufficiently large to ensure a good acc assnbil]r}r

Drespite the shortage of suitable templates for the medium
pore siza regime, a fow possible candidates exist to fill this gap.
Fnr example, poly(ethylene oxide)- biﬂc.l:—puhr(stj"renﬂ] EI?ED b

PS) gives access to spherical pores of 20°° to 50 nm” in
diameter depending on the block lengths and the solvent used
for templating. Also, swelling agents influence the pore size and
give access to mesopores being significantly 1g@rtham normally
achievable with the pure template. 359571 However, this
approach requires an accurate synthesis protocol to guarantee
a uniform swelling of all micelles and avoid a significant increase
in polydispersity of the resulting pore size. Structure-directing
agents for achieving metal oxide gyroid structures with 30 and 40
nm_poras, respectively, are poly(styrene)-block-poly(L-lac-
tide)™>™® and pulﬂlsnpremj black-poly( styrene )-block-poly-
(ethylene oxide),"*™ respectively. A further diblock copoly-
mer for spherical pores was proposed by Lokupitiya et al.’ "
consisting of a hydrophilic poly{ethylene oxide) block and a
hydrophobic poly(hexyl acrylate) block (PHA). With a polymer
of this class, that is, PEOys3-b-PHAy,, the authors prepared
metal oxide thin films with a pore size of around 50 nm. On the
one hand, however, this polymer system seems to be
underestimated for soft templating. On the other hand, all
morphological investigations were performed on thin films. Yet,
mesoporous powders are frequently used as model catalysts, too,
and they are more suitable for a meticulous in-depth analysis of
the pore system, especially the pore connectivity and
accessibility. Thus, in this worl, we focus on the synthesis of
metal oxide powders using PEO-b-PHA as well as deep analysis
of the resulting pore metwork by physisorption, electron
microscopy, small-angle X-ray scattering, electron tomography,
and secondary-ion mass spectrometry. Although spherical
mesopores typically suffer from low pore connectivity, we target
this pore morphology because (1) they might enable property
imprmremuts,1° and (2) we strive to understand if the pore
connectivity of these large mesopores is actually as poor as
expected, and if it can be possibly controlled. Starting with silica
as 2 model metal oxide, which can be robustly elucidated as well
as yields a perfect replica in soft templating, we investigate the
templating behavior of PEQ-b-PHA and apply various state-of-
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the-art structural characterization to provide in-depth inside into
the mesopore space. Following this study, our focus turns to
Zr; as a crystalline material to compare the pore accessibility
with amorphous silica. By this comparison, we show how the
pore morphology depends on the metal oxide used, and by
varying the template’s block lengths, we investigate how the
porosity can be tuned by adjusting the PEO-b-PHA
composition. In particular, the latter is a prerequisite for
systematic studies of porosity-property relationships of amy
metal oxide.

B EXPERIMEMTAL SECTION

Synthesis of the Macroinitiator PEO—Br. Three samples of a-
methyl-w-hydroxy poly(ethylene oxide) (PEO—OH) with nominal
average molecular weights of 5, 10, and 20 kD'a (as provided by the
supplier) were purchased from Sigma-Aldrich. According to 'H NMR
end group analysis, the number-average molecular weights (M,) of the
PEQO—OH samples were 5.8 kDa (131 EO units), 9.4 kDa (214 EO
units), and 15.7 kDa (355 EO units), respectively.

The macroinitiators PEO—Br were Eynthemzed by a Steglich
esterification as described by Lokupitiya et al™ In an exemplary
procedure, a 50 mL Schlenk round-bottom flask was dried by applying
two heating-evacuating steps of 10min each. Then, 4.000 g (0.20 mmal,
1.0 equiv) of poly{ ethylene cxide) methyl ether (PEQ—OH, 20 kDa,
Sigma-Aldrich %was disselved in 10 mL of anhydrous dichloromethane
(DHCM, 99.8%, Acros Organics) under argon yielding a slightly viscous
colorless solation after 15 min of stirring at room temperature. Then, 22
pL (024 mmol, 1.2 equiv) of 2-bromopropionic acid (99%, Acros
Organics) was added with a syringe under argon flow. The colorless
solution was cooled with an ice bath and 10 mg (0.08 mmol, 0.4 equiv)
4-dimethylaminopyridine (DMAP, >99%, Sigma-Aldrich) and 95 mg
(0.46 mmol, 23 equiv) NN -dicyclohexplcarbodiimide (DCC, 99%,
Sigma-Aldrich) were added. The sclution became opaque, and after
removal of the ice bath, the mixture was stirred under an argon
atmosphere at room temperature for 22 h. To ensure a complete
conversion of excess DCC, 5 uL of a 1 M hydrochloric acid { Griissing
GmbH] was added. After 15 min of stirring, the turbid reaction mixture
was diluted with 40 mL of DCM and filtered over a paper filter. The
clear colorless filtrate was concentrated under reduced pressure,
yielding a colorless solid The residue was dissolved in 17 mL of
tetrahydrofuran (THF, technical grade, Thermo Scientific, purified
over a 5 cmlong column of basic aluminum oxide to remove peroxides)
and precipitated in 200 mL of cold diethyl ether (being cooled with an
ice bath). The colorless precipitation was recovered by filtration over a
Biichner funnel and dissolved again in 20 mL of THF by gentle warming
with a water bath. Following a second precipitation and filtration cycle,
the colodess residue was dried in a vacuum oven at 40 °C for 25 h,
leading to 3.735 g (0.19 mmol, 93%) of colorless powder.

The same protocol was used for the esterification of PEQO—OH (10
kDa, Sigma-Aldrich, 87% yield) and PEO—OH (5 kDia, Sigma-Aldrich,
£5% vield).

S)r?ln:hesls of the PEO-b-PHA Copolymer. The PEO-B-PHA
block copolymers were synthesized by a supplemental activator
reducing agent atom transfer radical PD].}".I:I:IEL’]IEII.D.I:I. (SARA ATRF)
combining the protocols of Lokupitiya et al™ and Kopet et al " Inan
exemplary synthesis, metallic Cu used as the reducing agent was
activated as follows: """ a copper wire (10 cm long and 1 mm in
diameter) was wrapped around a stirring bar and stirred for 30 min at
room temperature in a mixture of 12 mL methanol (HPLC grade,
ChemSolute) and 12 mL hydrochloric acid (35-38%, ORG
Laborchemie GmbH). The yellow solution was disposed of, and the
wire was washed twice with pure methanol (about 25 mL each) under
flowing argon. Then, the wire was rinsed in approximately 20 mL
methanol for 30 min before drying the lusterless metal for about 5 h
under flowing argon. As for the reaction, a 50 mL Schlenk round-
bottom flask was dried by applying two heating-evacuating steps of 10
min each. Next, 500 mg (0.05 mmol, 1.0 equiv) PEO—Br and 43 mg
{0.15 mmel, 3.0 equiv) tris{ 2-pyridylmethyl)amine { TPMA, >98.0%,
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TCI CO.) were dissalved in 0.65 mL anhydrous NN-dime thylforma-
mide (DMF, 99.8%, Acros Organics) by stirring at 40 "C yielding a
beige suspension. Then, 11 mg (0.05 mmel, 1.0 equiv) CuBr, (>99%,
water free, Acros Organics) was added under flowing argon leading to a
bright green suspension. One freeze—pump—thaw cycle was carried ont
before 2.35 mL (13.36 mmol, 270 equiv) hexyl acrylate { 98%, Sigma-
Aldrich, removed from inhibitors by passing over a column of 9 cm
basic aluminum oxide and 2 cm dried potassium carbonate on top)
were added to the solution. After stimring for 10 min, two further
freeze—pump—thaw cycles were applied and the mixture was heated to
50 °C after each thawing step to obtain a green clear solution. The
stirring bar was exchanged by the copper-coated one under flowing
argon. The reaction flask was heated to 70 *C, sealed, and it was stirred
for 17 h. Upon heating, the initially green solution turned orange. The
polymerization was stopped by cooling to room temperature and
exposing the reaction mixture to air. The orange gel was diluted with 50
mL THF (purified by column chromatography with alomina) and
heated to 40 °C yielding a dark yellow solution, which was passed overa
column of & cm basic aluminum oxide; a blue/green band of roughly 1
cm on top could be observed. The column was washed with around 30
mL purified THF, and the slightly yellow filtrate was concentrated
under reduced pressure forming a yellow gel. The residue was dissolved
in 17 mL THF and precipitated in 200 mL cold methancl {cooled with
an ethyl acetate/liquid nitrogen freezing mixture). The fine colorless
precipitation was recovered by filtration over a Buchner funnel and
dissolved again in 17 mL purified THFE. After a second precipitation and
filtration cycle, the colorless residue was transferred to a Petri dish and
dried in a vacuum oven at 40 *C for 15 h leading to 1.757 g of a slightly
yellow gel (for characterization by NME. and GPC, see below).

Additional PEQ-b-PHA samgples with different molecular weights
and compositions were prepared by the same protocol; see Table 52 in
the Supporting Information for the respective batch sizes.

Synthesis of Mesoporous 5i0; Powders. Mesoporous Si0;
powders were prepared based on a sol—gel procedure described by
Weller et al.” and Cop et a’ 130 L tetraethyl orthosilicate (TEQS,
98%, Sigma-Aldrich) was dissolved in 0.5 mL absolute ethancl {99.8%,
Fisher Chemical) by stirring at room temperature for 20 min. In a
second vial, 20 mg PEQ-b-PHA was dissolved in 1 mL absolute ethanol
upon sonication at 40 *C and 37 kHz for 20 min [in the case of PIB-b-
PEQ-derived mesoporons silica shown in Figure 1, 20 mg PIBgb-
PEQ,; (BASF) was used instead analogously to our comparable
teu:plaﬁ::gpu‘ocadures""l“"n'mm]. Both solutions were combined, and
40 uL of water was added. After further 5 min of stirring, 10 uL of
concentrated hydrochloric acid was added, and the solotion was stirred
at room temperature for 1 h. The reaction mixture was transferred toa 5
mL PTFE cup and heated at 40 "C under a glass dome for 2 days
followed by a drying step in a vacoum oven at 50 *C for 1 day. The
colorless gel was calcined at 350 °C for 1 h and at 500 °C for 4 h
(heating ramp each: 2 K min~") yielding about 35 mg of a colorless
solid. In the case of the template concentration varation, 33 mg
(volume fraction of @ = 0.69), 58 mg (& = 0.80), and 82 mg (@& =
0.85), respectively, PEQO-b-PHA, were used instead.

Preparation of Mesoporous 510, Thin Films. Mesoporous 5i0,
thin films were fabricated with the aid of an EISA approach based on a
protocol reported by Lokupitiya et al™ 30 mg PEQ-b-PHA was
dissolved in 770 uL absolnte ethanol by stiring at 60 *C for 1 h. Ina
second vial, 126 mg of TEOS was mixed with 61 mg of 0.1 M HCl and
424 uL of absolute ethanol analogously. After cooling to room
temperature, both solutions were combined and stirred at room
temperature for a further 3 h. The solution was passed through a 0.25
pm PTEE syringe filter and sonicated at 80 kHz for 5 min. A2 cm %2
cm aluminum oxide wafer was ceanad with water, acetone, and
isopropanol, respectively, by sonication for 15 min at 37 kHz each, and
after drying, further cleaning was execated with an UV ozone cleaner for
15 min prior use. 100 uL of the precursor solution was deposited on the
wafer rotating at 1200 for 60 s applying a spin-coater setup SCK-
200P provided by Instras Scientific. The film was kept for three further
minutes in the chamber at a constant relative humidity of 20%
guaranteed by a custom-made humidity control. The film was treated at
20 *C for 3 h and 100 °C for 4 h in a preheated oven to evaporate the
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sobvent and calcined at 350 °C for 8 h and 600 °C for 2 h for template
removal and crystallization (heating ramp each: § K min—').

Preparation of Mesoporous ZrQ, Thin Films. The preparation
of mesoporous Zr0, thin films was carried out in accordance to a
procedure given by Cop etal™ As for the precursor solution, 92 mg of
Zr0Cl-8H,0 (98%, Alfa Aesar) was dissolved in 0.5 mL of absalute
ethanol and 0.5 mL of 2-methoxy ethanol (299.9%, Sigma-Aldrich) by
sonication at 80 kHz and 45 °C for 30 min. In a second vial, 48 mg of
PEQ-b-PHA was dissolved in 0.5 mL of absclute ethanol in the same
way. Both solutions were combined and stirred at room temperature for
5 min. After the addition of 50 uL water, the solution was stirred at
room temperature for further 3 h. The slightly yellow solntion was
passed through a 0.25 um PTFE syringe filter and sonicated at 20 kHz
for 5 min. The spin coating process was similar to that for the
fabrication of 5i(0), thin films. Briefly described, a 2 cm 3 2 cm silicon
water was cleaned in an ozone cleaner for 15 min. Mext, 100 yL of the
precursor solution was poured on the wafer rotating at 2600 rpm for 60
s at a relative humidity of 20%. The film was kept at this humidity for
further 3 min before exposing to 130 *C in an oven for 4 h. As for the
drying and calcination step, the thin film was treated at 300 °C for 12h
and 600 °C for 2 h (heating rate each: 5 K min~?).

Synthesis of Mesoporous Zr0, Powders. The Zr0, counterpart
was prepared in the style of a protocel proposed by Cop etal’ 161 mg
Zr0Cly8Hy0 was dissolved in a mixture of 330 uL absolute ethanol
and 330 uL 2-methoxy ethanol by sonication at 40 °C and 80 kHz for 30
min. In a second vial, 21 mg of PEC-b-PHA was dissclved in 660 uL of
absclute ethanol and 170 gL of acetic acid { 100%, Carl Roth GmbH) in
the same manner. Both solutions were combined, stirred for 10 min at
room temperature, and 10 uL water was added. After further 10 min of
stirring, the solntion was treated at 40 *C under a glass dome for 3 days.
The gel was further dried in a vacunm oven at 50 *C for 24 h prior to
calcination at 350 "Cfor 1 h and at 500 °C for 4 h (heating ramp: each 2
K min—"). Since the powder appeared gray, a second calcination step
was performed at 300 °C for 12 h and 50 °C for 20 min (heating
ramps: 0.75 and 4.5 K min~, respectively), yielding 50 mg of gray
powder.

Characterization Techniques. Proton-nuclear magnetic reso-
nance (‘H NMR) spectra were recorded with a Bruker Avance IT 400
MHz and Bruker Avance IIT 400 MHz HD at 25 °C and evaluated with
MestReMova 14.1.2. CDCl; was used as the solvent, and signals were
referenced to the solvent signal at & = 7.26 ppm. Gel permeation
chromatography (GPC) with simultaneous UV (TSP UV 1000) and
differential refractive index { Shodex RI-101) detection was executed at
room temperature using tetrahydrofuran as an eluent at a flow rate of
0.5 mL min~". The stationary phase consisted of a 300 mm » & mm P53
5DV linear M colomn packed with 3 um particles (molar mass range of
10* to 10° Da). Prior to the injection of 100 uL of sample solution
containing around the 0.15 wt % polymeric sample, they were filtered
through 0.45 wm flters. Poly(styrene) standards (P58, Mainz,
Germany) were used for calibration. Dynamic light scattering (DLS)
experiments were performed on a Zetasizer Nano series from Malvern.
For each measurement, the sample solution was diluted with the
respective solvent by the factor of 1:1000 and characterized in three
runs of 13 cycles. The data were exported using the corresponding
application, Zetasizer Software. Mitrogen physisorption experiments
were carried out at 77 K on a Quadrasorb eve (Quantachrome
Instruments, Boynton Beach, FL), while argon physisorption experi-
ments were performed at 87 K on an Autosorb iQ) (Quantachrome
Instruments, Boynton Beach, FL). The data obtained were analyzed
with the aid of the software ASiQwin by applying nonlocal density
functional theory (NLDFT) methods dedicated to nitrogen and argon
at 77 and 87 K, respectively, on siliceous/oxidic materials assuming a
cylindrical pore geometry. In both cases, the pore size distribution was
obtained from the adsorption branch by applying a dedicated
metastable adsorption branch kernel, which correctly takes into
account the delay in pore condensation due to metastable pore
fluid.* All metal oxide samples were degassed at 200 °C for 6 b in arder
to remove the attached water and gases pror measurement. The
scanning electron microscopy (SEM) images were obtained on a
Merlin scanning secondary electron microscope by Leiss. All samples
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were sputter-coated for 50 s with platinum (1 kV, 40 mA) in order to
increase the conductivity of the specimens. Additionally, thin films were
connected to conducting silver vamish for cross-section imaging, A
working distance of 2.2 to 3.2 mm combined with a voltage of 2 kV and
a current of 78 pA were applied. For focused-ion-beam (FIB)-cutting
SEM imaging, a drop of polymer solution was deposited with a metal
rod onto a copper block cooled with liquid nitrogen and covered with
an argon atmosphere. After sputtering with a 2 nm thick carbon layer,
the sample was transferred with a Leica EM VCT500 transfer module
(Leica Microsystems GmbH) to a XEIA3 FIB-SEM setup (TESCAN
GmbH). Under permanent cooling with liquid nitrogen, a crater of 20
pim in width and depth, respectively, was cut with Xe* ions, and SEM
micrographs of the cross-section were recorded under an angle of 557
with a voltage of 3 KV, The evaluation of all SEM images was performed
with the software Image]. Small-angle X-ray scattering (SAXS)
measurements were camried with the laboratory SAXS instrument
SANSpoint 2.0 by Anton Paar using point-focused (spot size of 500
pm) and slit-collimated Cu Eer radiation (4 = 0.1541 nm) from a
microsource operating at 50 W and a Dectris EIGER2 B 1M hybrid
pixel area X-ray detector. Powder samples were placed into an Anton
Paar solid sample holder comprising a 1 mm thick metal plate with 20
squared holes mounted on a motorized X/Y-stage. The sample plate
was sealed at both sides with a vacuum-tight sealing tape. SAXS images
of the samples and the background (sealing tapes) were recorded in
vacmm (around 1 mbar and 25 *C) ata sample-to-detector distance of
57505 mm. Per each sample and background, respectively, 25 single
images with 2 min exposure time each were recorded, averaged, and
radially integrated in order to obtain the 1D-5AXS curves. The
scattering curves were fitted using the software SASfit 0.94.11 with a
model consisting of a form factor for spheres with a (Gaussian size
distribution and a lattice factor by applying the implemented
decoupling approximation. In the case of measurements in solution,
sealed quartz glass capillaries (1.5 mm ocuter diameter, 0.01 mm wall
thickness, Hilgenberg GmbH) were used instead, and the background
measurement was performed with the respective solvent without
polymer. As for the partly condensed gels, the synthesis of mesoporous
silica (57 wol % template) was stopped before (denoted as weakly
condensed) and after 48 h of drying (denoted as highly condensed}.
The aliquots were sealed in the sample tube and measured 2 weeks later.
Rheological experiments were carried out at 40 *C in oscillation mode
on a MCR 92 rheometer by Anton Paar equipped with a D-CP/FP 7
probe head and a single-use D-PP25/AL /507 measuring plate (gap of 1
mm between the stage and measuring plate). Scanning transmission
electron microscopy (STEM)-based tomography was executed with a
Thermo Fisher Scientific Themis 300 transmission electron microscope
equipped with probe aberration correction and operated at an
acceleration voltage of 300 kV. The silica powder (around 10 mg)
was , suspended in ethanol, and dropped on a 100 400 mesh
carbon-coated copper grid ed from Quantifoil Micro Tools
GmbH. Gold nanoparticles E’M_np = 12 nm) were deposited onto the
sample as fiducial markers for image alignment. The grid was cleaned
twice for 30 s using a Fischione 1070 Plasmacleaner in an argon—
oxygen atmosphere with a power of 50%. A high-angular annular dark-
field (HAADF)-STEM tilt series with a tilt range of —72—70° (step
size: 2') and with a pixel size of 0.81 nm was gathered using the
Xplore3D software (Thermo Fisher Scientific) with anto focus and
tracking before acquisition. A small convergence angle of roughly 8.5
mrad was used to increase the depth of focus. With the aid of the gold
nanoparticles, an image nt was done in IMOD Version 4.11L7
{University of Colorado) with a residual alignment error of 0.606 nm
(0,374 px). The 3D reconstruction [with a vomxel size of { 1.62 nm})*] was
obtained from the d tilt series with a simultaneous iterative
reconstruction technique { SIRT) and 100 iterations in Inspect 3D 4.4
(Thermo Fisher Scientific). Denoising with a median filter in Image]
and binarization by global thresholding in Avize 20211 (Thermo
Fisher Scientific) of the tomograms yielded initial segmentation. The
segmented volume was purified by removal of unconnected islands
being smaller than 15 vomels, which originate from reconstruction
artifacts. Skeletonization of a cropped region of the image stack was
executed as reported by Cheng et al®' in erder to elucidate the local
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pore connectivity. Pore and wall size distributions were obtained with a
local thiclmess evaluation using the comesponding plugin in Image]
after subtracting the b ound with a Python code applying a rolling
ball radius of 30 pirels (48.6 nm) as recently described by us. = In
addition, the chord length distribution (CLD) of the wall phase was
created by an analysis described by Bruns et al.** For this, points in the
solid space were randomly chosen (referred to as seed points), and aset
of 26 angularly evenly spaced vectors was built up pointing in all
directions until the first phase border is hit. The length of two opposing
vectors sums up to the chord length. In total, 107 chords were gathered
neglecting chards touching the image boundary. The CLD was binned
and fitted by a k-gamma function to obtain the mean cherd length. Fer
the shown time-of flight secondary ion mass spectrometry (ToF-SIMS)
study, we carried out the measurements on a ToF-5SIMS 5 instrument
by lanTOF GmbH, which is equipped with a 25 ke’ Bi cluster primary
ion gun for analysis and a dual source column including an 0" low
energy gun for depth profiling, Prior to analysis, each thin film was
immersed by a tracing solution. For this reason, 143 mg of Co{NO, ),
6H;0 (Acros) was dissolved in 5 mL of isopropancl upen stirring at
room temperature for 10 min. The films were cut into 1 cm % 1 cm
pieces and one drop of the violet tracing solution was dropped on every
sample with the aid of a Pasteur pipet. The films were dried under
ambient conditions for 20 min and remaining droplets carefully
removed with a tissue. For further drying, the samples were heated in an
oven at 80 °C for 8 hand 130 °C for 1 h. Depth profiles were recorded
in spectrometry mode (bunched mode), providing a high signal
intensity and mass resclution (full width at half-maximum m/Am of
roughly 5000 at m/z = 17.00 for OH™). A Bi* primary ion gun with an
acceleration voltage of 25 kW and a current of 1.3 pA was applied to
generate a 100 gm % 100 ym crater, and an O," sputter ion beam (1 kV
and 240 nA) was used over an area of 300 gm x 300 gm in addition.
Between two sputter frames, an analysis was performed after waiting for
2 5 in random raster mode and by measuring one frame with 128 px
128 px and one shot per pivel. All measurements were done in positive
ion mode with a cycle time of 100 s and evaluated with aid of the
corresponding software Surfacelab 7.2, The depth of the sputtered
crater was determined from a depth profile measured with a cantilever.
Here, the Alpha-Step D-600 profilometer by KLA Tencor was operated
with the coresponding software AlphaStep I} Profiler. Crystallinity of
the thin films was studied by grazing incidence X-ray diffraction
(GIXEDY) using an X Pert MBD diffractometer by PANalytical and an
incidence angle of 0.5°. A 26 range of 10 until 20° was covered with a
dﬁ size of 0.1° and a scanning rate of 0.01° 5. Powder X-ray

iffraction (XRD) data were acquired from an Empyrean Series 2
diffractometer by PANMalytical in Bragg Bretano geometry using
monochromatized Cu Ko radiation (4 = 0.1541 nm, a Ni filter was
used to suppress Cu K radiation) in ambient atmosphere and a 24
range of 10 until 90°. All diffraction data were exported by using the
software HighScore Plus. The thickness and refractive index of the thin
films were measured with an SE400Adv laser ellipsometer by Sentech
equipped with a 633 nm HelMe laser. An angle of 70% was used for the
measurement, and a model consisting of an overlaying air layer (# =
1.0000), a 100 nm 3i0y (n = 1.4570), and ZrO, (n = 1.8608) deposition
layer, respectively, as well as a silicon substrate (n = 3.8714) was
assumed.

B RESULTS AND DISCUSSION

Block Copolymer Synthesls. Block copolymers composed
of poly(ethylene oxide) and poly(hexyl acrylate) were
synthesized by atom transfor radical polymerization (ATEP)
as summarized in Scheme S1. In the first step, the ATRP-active
C—Br bond was introduced to PEO-OH (20 kDa, 355
repaating wmits according to 'H NMR sp@ctrnscnpﬂ by Steglich
esterification as described by Lokupitiya et al.”® The 'H NMR
end group analysis of the obtained PEO—Br macroinitiator
confirmed the successful attachment of the halide moiety to the
PEC—0H homopolymer with a degree of esterification of 97%
(Figure 51). In the second step, the PEQ—Br macroinitiator was
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used to initiate the polymerization of hexyl acrylate by ATEP.
While Lokupitiya et al.”® used a copper(I)-based ATRP with
1,1,4,7,10,10-hexamethyltristhylentetramine (HMTETA) as
the ligand, here, we decided to use tris(2-pyridylmethyl)amine
(TPMA) as the ligand, which increases the ATRP activity by 3
orders of magnituda™ and thus speeds up the polymerization of
hexyl acrylate being otherwise rather slow (less stable radical
intermediate compared to, e.g,, the polymerization of styrene).™
In addition, performing the polymerization as a supplemental
activator reducing agent (SARA) ATRP offors the advantage of
keeping the catalyst concentration very stable since Cu(II)
species originating from oxidation events can be regener-
ated.**** Furthermore, the reducing agent (Cu wire) acts as an
initiator activator and generates the active catalyst, as shown in
Figure 2. Conseguently, the synthesis gains robustness and

initiator
activation
R._-B R
'T +Br-
=T
.f’{ ", Gulr, = ZTRMA
<4 1 catalyst
A generation
£ FCUTIMPAL + 2Br
g Gl
G catalyst
regeneration

Figure 2. Schematic representation of the role of the copper wire in a
SARA ATRP.

reproducibility. Following this protocol, we obtained copolymer
PEO;55-0-PHA 7 with a number-average molar mass of 426
kDa determined by 'H NMR spectroscopy (Figure 52).
According to GPC analysis (Figure 53), the copolymer
exhibited a rather broad molar mass distribution with a
dispersity of 1.55 and contained some residual PEO
homopolymer (estimated to about 20 wt %, see Figure S3BE).
Hence, the true average length of the PHA block of the
copolymer should be larger than the 171 repeating units
determined by 'H NMR spectroscopy. The large amount of
unreacted PEQ homopolymer is possibly a matter of reactor
design. Here, we used a Schlenk flask (as depicted in Figure 2)
suffering from a low mixing in the upper part of the reaction
mixturs, especially with consecutively increasing viscosity. The
syntheses of other PEQ-b-PHA samples (zee below, Table 1)
were thus performed in round-bottom flasks instead, by which
the amount of PEQ homopolymer could be reduced
substantially to less than 10 wt % (see Figure 511). However,

PEQ homopolymers cannot form micelles during the soft
temgplating process and thus are not expected to interfere in the
following step.

To investigate the influence of the two block lengths on the
templating behavior, four further samples were synthesized: two
with a PEC block length of 131 repeating units and two with a
PEO block length of 214 repeating units (see Figures 54 and 55
for the NMR spectra of the corresponding macroinitiators).
Besides the PEO block, the PHA block length was varied from
57 to 396 repeating units (see the 'H NMR spectra in Figures
56—59 and GPC traces in Figure 510). Table 1 provides an
overview of the synthesized block copolymers and their
molecular parameters.

While the PEO;-b-PHA,; copolymer was used for deeply
investigating the pore structure after soft templating in the first
part of this work, the remaining four samples were used to
elucidate the individual influence of the two blocks on the pore
size in the last section of this article.

Soft Tﬂn‘lplaﬂ rg. The H.pp]]l:ﬂtlbﬂ of the PEOass—b—Pml?l
copolymer as soft template follows an evaporation-induced self-
assembly (EISA) mechanism.®*** As shown in Figure 3, both
the silica precursor and template are brought into ethanolic
solution before water and hydrochloric acid are added to
promote the sol—gel reaction. Above the critical micelle
concentration (CMC), blodk copolymer micelles are formad,
which act as template. Upon solvent evaporation, the latter form
an ordered array of micelles within an inorganic phase. The final
annealing step leads to pyrolysis of the organic phase, leaving an
ordered mesoporous metal oxide behind.

According to DLS, PEQ55-b-PHA, 7 does not seem to form
micelles in ethanol (Figure 512) in contrast to other block
copolymer soft templates such as PIB-b-PEO possessing a very
low critical micelle concentration due to the high hydrophilic—
hydrophobic contrast.'>"“® A hydrodynamic diameter of 13
nm hints at a polymer coil instead of a micelle. This
interpretation is supported by the findings of Sarkar et al,”’
who observed absence of micellization of PEO-b-PHA in pure
ethanol as well. However, DLS measurements of the polymer in
pure TEOS lead to a hydrodynamic diameter of 85 nm, which is
plausible for micelles of such large s Since these
large colloids are not observed in pure TEOS (reforence
experiment without polymer), the formation of Si0; particles in
the precursor can be ruled out as the origin of the 85 nm colloids.
Hence, these findings suggest that micellization occurs in a
TEOS-anriched solution upon solvent evaporation, as depicted
in Pigure 3. To verify this assumption, a more detailed DLS
study was performed by recording the particle size distribution
in various ethanol- TEOS mixtures (Figure 4B). Over a range
from 0 wol % TEQS (pure ethanol) to 70 vol % TEOS, the same
hydrodynamic diameter of around 13 nm in diameter is

Table 1. Overview on the Block Copolymers Prepared and Used as Templates in This Study Comprising the Average Degree of
Polymerization of the PEO {n) and PHA (m) Blocks, the Degree of Esterification (f) of the Parent Macroinitiator, the Number-
Awerage Molecular Weight (M_), and the Mole Fraction of PEO (x) in the Block Copolymer Based on NMR, as Well as the
Apparent Number-Average Molecular Weight (M_*F) and the Dispersity Index (P) Based on GPC

sample #(PED) m(PHA) I M, /kDa =(PEC) M, kD b
PEO;r b PHA 7, 355 171 097 416 0A7 602 1.55
PEO;, b PHA, 214 k) 092 509 0.40 610 142
PEO; - b-PHAg 214 L] 092 225 072 185 177
PEOy3-i-PHAp, 131 396 092 7.8 025 474 129
PEOy;-b-PHA; 13 57 02 142 070 154 141
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Figure 3. Schematic overview of the sol—gel synthesis for preparing mesoporous silica powders by soft templating.
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Figure 4. Evaluation of the undedying soft templating mechanism comprising (A) a gravimetric study of the relative mass loss of the reaction mixture
during the solvent evaporation (top), the estimated TEOS volume fraction calculated from the mass loss (middle), and the evolution of the initial
comgplex viscosity measured at 40 °C with single ex situ theclogical measurements, as shown in the inset for the measurement after 0 h (bottom). The
undedying processes are labeled on a imeline on the top. (B) DLS study of PEO;;-b-PHA, 5, dissclved in different mixtures of ethancl and TEOS is
given as well as {C) cryo-SEM images of three different spots and the resulting particle size distribution of the polymer dissolved in an ethanol- TEOS
mixture {85 vol % TEOS) recorded at the cross-section after cutting the frozen droplet with a focused ion beam (FIB).

observed similar to the coil conformation occurring in pure
ethanol as discussed before (Figure S512). However, at a
concentration of 80 vol % TEOS, a superposition of the
aforementioned small particles and larger entities hints for
starting micellization. This interpretation is supported by the
siza distributions recorded in 85, 90, and 100 vol % TEOS
showing only larger entities {mode hydrodynamic diameter of
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70—50 nm). As independent method to back up the presence of
micellization, cryo-FIB-SEM images were recorded. Here, a
drop of the polymer solution in 85 vol % TEOS was frozen onto
a copper block cooled by liquid nitrogen. Then, the frozen
droplet was cut with a focused ion beam (FIB), and the cross-
section is regarded by SEM. The SEM images (Figure 4C)
confirm the presence of spherical objects with an average
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diameter of 73 nm, being in good agreement with the DLS
restlts, Both size and shape of these dadk spots observed in SEM
support the hypothesis that micellization occurs upon TEOS
enrichment in a region of 30—85vol % TEOS. Small-angle X-ray
scattering provides additional confirmation, e.g., performed on
polymer dissolved in 85 vol % TEOS and pure TEOS (Figure
S13AB). In a log—log plot at large g (above 0.2 nm™'), both
SAXS curves follow a linear trend with a slope significantly lower
than circa —2 as expected from a form factor of a perfect
Gaussian coil (Fipy,) with a diameter of 13 nm. ™" Instead, a
slope of about —4 is found (Porod law) being typical for a two-
phase material with sharp interfaces between the two phases
(such as a dense micelle versus solvent). The absence of sharp
form factor minima and a slope of zaro atlow g values found in
other studies’"" is due to the polydispersity of the micelles and
renderan accurate size determination difficult. Yet, the presence
of micelles instead of Gaussian coils still becomes apparent from
the slope at large g wvalues. This evaporation-induced
micellization is in particular important as it evokes a direct
dependency of the soft templating process on the precursor
used.

Next to the EISA mechanism explained above, an
evaporation-induced aggregating assembly (EIAA) of the
micelles could be assumed as an alternative self-assembly
process. While following an EISA mechanism, the micelle
assembly occurs at the solid (substrate/bottom of beaker)-liquid
(solution) interface during solvent evaporation and precursor
condensation takes place only after solvent evaporation, an
assembly of micelles as building blocks occurs at the liquid—
ligrid interface in solution {condensation during evaporation )
in case of an EIAA mechanism.** To distinguish batween the
both mechanisms, the mass (solvent evaporation ) and complex
viscosity (extent of TEQS condensation) of the reaction mixture
waere monitored ex situ at several points in time. More precisely,
the synthesis was executed as described in Experimental Section
with 20 mg template per batch (PTFE cup in Figure 3) with
eight batches: three for tracking the mass of the reaction mixture
and five for measuring the viscosity at five points in time with the
aid of a rheometer. The starting point (0 h in Figure 4A)
corresponds to the step at which the reaction mixture was
exposed to 40 °C.

Looking at the relative mass of the reaction mixture (Figure
4A, top), a consecutive mass loss due to solvent evaporation
appears. As the relative mass of the reaction mixture without
ethanol (pure TEOS, template, water, and HCL) is known to be
20.7% (192 mg) compared to the starting value at 0 h (927 mg
corresponding to 100% ), the evaporation of ethanol is expected
to be finished after 6.2 h. Yet, a further mass loss can be observed
even after & h, which is due to the fact that also TEOS itself can
release ethanol (up to four equiv per equivalent TEOS) upon
hydrolysis and/ or condensation. In case all ethoxy moieties are
converted to ethanol, an additional mass loss of 9% is expected
for complete conversion of TEOS and is in fair agreement with
the final value found at 48 h. Assuming that only ethanol
evaporation is responsible for the observed mass loss, the mass
difference between a respective measurement and the initial
mass can be transformed roughly into a volume fraction of
TEOS (Figure 44, middle). With the lmowledge of the DLS
results, the micellization of the block copolymer is expected to
start at 80 vol % TEOS and thus after roughly 5.8 h. This implies
that micells formation starts before solvent evaporation is
finished. The fact that TEOS also releases ethanol leads to a
TEOS volume fraction exceeding 100% after 6 h and, however,
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enables only a rough estimation ofthe TEOS concentration. Yet,
the micellization has to occur before complete solvent
evaporation because otherwise no soft templating would be
possible. The extent of TEQS condensation can be evaluated
through the complex viscosity of the reaction mixture (Figure
44, bottom). Upon gelation (TEOS condensation), a steep
increase in complex viscosity ly* | is expected,”® and this behavior
is also found here, as shown in the inset of Figure 4A on the
bottom. However, due to the small gap between the measure-
ment plates, i.e., small amount of sample, the absence of the glass
doma, and the higher heat transport of the sample stage (heated
to 40 °C) compared to the reaction setup (PTFE cup under a
glass dome}, an in situ measurement is not representative of the
reaction conditions. Instead, the initial complex viscosity was
measured ex situ (3ee the red dotted line in the inset of Figura
4A) after 0, 2,4, 6,and 7 h of exposure to 40 °C under the glass
dome. As expected from proceeding solvent evaporation, the
viscosity of the reaction mixture increases with exposure time,
buit even after 7 b, a value is observed being too low to originate
from a significantly gelated sample (beyond 1000 mPa s) when
compared to the upper part of the curve in the inset of Figure 4A.
No values were recorded beyond 7 h because the reaction
mixture forms a transparent brittle gel afterward, which cannot
be studied in a rheometer due to its nonmonolithic nature. Thus,
pronounced gelation does not take place before 7 h and
consequently occurs after solvent evaporation. As a result, this
combined gravimetric and rheological study confirms the
synthesis to follow most likely an EISA mechanism.

Porosity Analysls. Ordered mesoporous metal oxide
powders, comparad to the corresponding thin films, provide
the opportunity to study the porosity and general physisorption
phenomena more deeply, especially in terms of pore
connectivity. Among several aspects, the deformation of the
micelles and mesopores perpendicular to the surface is a
frequently observed feature especially for large micelles, which
was observed already in the early works in this field, especially,
by the team of Clement Sanchez and in our cooperation with
him 28384345,2,8534  ©oragver, if used for heterogenecus
catalysis studies, mesoporous oxides need to be used in the
form of powders. Therefore, understanding the pore morphol-
ogy in the powder state is crucial. In the case of PEOQggsb-
PHA, 7 -derived silica, argon physisorption (see Figure 54,B)
reveals a steep uptale at high relative pressures in the adsorption
branch speaking for quite large mesopores with uniform size and
thus supporting SEM analysis. Evidently, the most striking
featura is a very pronounced hysteresis of type H2 indicative of
delayed desorption/capillary evaporation. Furthermore, we
observe an intrinsic nonclosure of the adsorption and desorption
branches at lower pressure, which would suggest irreversible
changes (e.g., deformation) of the porous materials matrix.

Applying a dedicated NLDFT adsorption branch kernel on
the adsorption branch (see Experimental Section) of the argon
87 K data (Figure 5A) reveals a bimodal pore size distribution
(Figure 5B) exhibiting well-defined micropores centered at
around 1 nm and a defined mesoporous system centered at 31
nm (assuming a cylindrical pore geometry). It should be noted
that assuming here a cylindrical pore geometry instead of a
spherical oneleads to an underestimation of the mode pore
diameter of approximately 35% as outlined in ref 95 in detail”
Thus, the true mode pore diameter of the spherical mesopores
should be arcund 42 nm. Indeed, the latter mode pore diameter
is observed in the SEM analysis (Figure 5C). The widths of the
mesopore size distributions derived from physisorption and
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Figure 5. (A) Argon isotherm at 87 K of mesoporous silica derived from
PEOQ;es-b-PHA;y and (B) comesponding pore size distribution
obtained from the adsorption branch with an NLDET kernel for
cylindrical pores. In addition, a (C) SEM image of the mesoporous
system is given with the (D) resulting pore size distribution from
electron microscopy.
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SEM (Figure 5D) are in good agreement. The SEM-based pore
diameter of (42 + 9) nm was determined by building an average
diameter of 50 pores observed in Figure 5C. Beside the
limitations of SEM, such as being only a local method, this
approach is expacted to yield a slightly smaller pore size as a cut
through the mesoporous system most likely will not occur along
the center of the spherical pores (see Figure S14). However, as
discussed in the Supporting Information in more detail, this
undarestimation (of 9 nm at maximum) is comparable to the
width of the pore size distribution, and the pore size evaluation
by SEM is supported by further experiments as well (see below).

Comparing the pore size distribution derived from the
adsorption branch (which considers the delay in condensation
due to the metastable pore fluid) with that of the desorption
branch (using argon, Figure 515B), quite distinct different
distributions are obtained. From this mismatch, a delayed
mesopore emptying can be concluded and attributed to either
pore blocking or cavitation.**>** Cavitation-induced evapo-
ration is expected to occur when the nedk sizes are smaller than
circa 5 to 6 nm, independent of the actual value of the neck size,
while pore blocking/percolation occars for larger neck sizes. In
order to distinguish whether pore blocking or cavitation is the
underlying phenomenon affecting pore evaporation, we apply a
method suggested in ref 46, i.e, which involves the use of two
adsorptives: here, nitrogen (at 77 K) and argon (at 87 K); the
respective adsorption isotherms are displayed in Figure S15A.
While cavitation depends solely on the state of the fuid in the
pore cavity (thermodynamics), the pore blocking evaporation—
desorption mechanism is controlled by the size of the pore
necks/restrictions (morphology). Thus, in the case of pore
blocking, the pore size distribution (PSD) should be
independent of the adsorptive. However, the desorption-derived
PSD from the argon isotherm does not match that of the
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nitrogen-based one (see Figure 315C ). As a result, pore blocking
can be exduded, and the pore size distribution from the
desorption branch does not provide the actual (small) pore neck
siza, Thus, cavitation is the dominant emptying mechanism.
Further means to elucidate the pore connectivity and to
differentiate between cavitation and pore blocking are possible
by recording a hysteresis scan. Here, multiple desorption
branches are measured after partial pore filling. These partial
desorption branches converge in the lower closing point of the
adsorption and desorption branch in the case of pore blocking,
In the case of cavitation, all partial desorption branches show a
horizontal behavior down to the relative cavitation pressure, at
which an abrupt and entire pore emptying occurs in all cases.
The hysteresis scan shown in Figure 6 corresponds to the second

Argon
hysteresis scan
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Figure 6. Argon hysteresis scan at 87 K of mesoporous silica derived
from PEQ,,.-b-PHA,,, consisting of the boundary loop (black), the
first {b]ueﬂsj second (red), and third (green) desorption scans.
Furthermore, the relative cawitation pressure is labeled and a scheme

showing the pore emptying upon cavitation is depicted.

case, Le., confirms the presence of cavitation. The undedying
process is sketched in the inset of Pigure 6: with decreasing
relative pressure, no evaporation can initially take place due to
the small pore neck. At the relative cavitation pressure—in this
case 0,45 for argon—a sudden and complete evaporation occurs
because the liquid state becomes thermodynamically unstable,
and bubbles are formed within the filled mesopore sponta-
neously. This thermodynamically driven cavitation pressure
depends on both the adsorptive (and temperature) and wealdy
on the size of the underlying restricted mesopore, as shown in
Figure 516.*' In the case of nitrogen as adsorptive (Figure
S15A), cavitation-based pore emptying occurs at a relative
prassura of 0.50, which represents the bulk cavitation pressure of
nitrogen and continues the saturation curve of cavitation
pressure versus mesopore size reported by Rasmussen et al. M
and summarized in Figure S16.

While the pore size distribution in Figure 5B caims the
presence of micropores of 1 nm in size, the cavitation study
reveals that the spherical mesopores are mainly interconnected
by very small pores, likely the aforementioned micropores.
Based on these findings, two boundary cases are feasible to
describe the pore morphology: (1) the spherical block
copolymer micelles barely overlap during the templating
process, causing a small pore window as illustrated in model 1
in Figura 7. As an alternative, (2) the spherical micelles might ba
isolated with the PEO block partly collapsing onto the PHA core
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Figure 7. Possible pore models comprise (1) spherical mesopores with
a low micelle overlap and thus small pore windows, (2) spherical
mesopores being connected by large mesopore windows or small
micropere channels, and (3) spherical mesopores being solely
connected with each other by micropores. The pore formation via
the micelles consisting of a PEO (green) and PHA block ( red) is shown
on the left-hand side.

and partly penetrating the inorganic gel phase as single chains.
Calcination would then lead to almost isolated spherical
mesopores being connected only by PEO-singlechain-derived
microchannels {model 3 in Figure 7). This model is supported
by other templates showing hairy core—shell micelles and a
microchannel diameter of 0.5— 1 nm found for single PEQ chain
tenq:latiug:"* Generally, a high fraction of PEC is well lmown to
be embedded in the siliceous phase.””™ In between, a third
model iz plausible, allowing for a less restricted pore
connectivity: in the case of readily ovedapping hairy micelles,
a model can be deduced with mesopores being connected with
adjacent pores by smaller mesopore windows and/or micro-
channels, as shown in model 2 in Figure 7. In this case, cavitation
can be explained by the end of a percolation path made up of
well-connected large mesopores being connected to the exterior
or other percolation paths by microchannels exhibiting
characteristic pore diameters below approximately 6 nm (in
the case of larger pore windows, cavitation mnnot occur).

In order to further elucidate and quantitatively describe the
mesopora space, smallangle X-ray scattering (SAXS) was
performed. This method helps to understand which of the
aforementioned models (Figure 7) of the spatial distribution of
the spherical mesopores represent a suitable description of the
metal oxide. The SAXS curve of mesoporous silica derived from
PEQ;55-b-PHA;7; exhibits a series of form factor oscillations
speaking for a defined pore shape and narrow pore size
distribution. By modeling the SAXS curve (Figure 8) with a
theoretical function based on the Percus—Yewick structure
I.L'arl:l:t:rl',"E"“:":'_1':'2 pore size, pore-to-pore distance, and the
porosity can be estimated using a polydisperse form factor for
spheres. In spite of this simple approach, the modeling (Figure
8) is surprizingly good, especially, in regards to the form factor
oscillations allowing for at least semiguantitative determination
of structural parameters. The average pore diameter obtained
from SAXS amounts to 38 nm and is in good agreement with the
SEM analysis (42 nm), as shown in Figure 5C,D. Compared
with the results of fitting the SAXS curve of the gel prior to
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Figure 8. SAXS curve of mesoporous silica derived from 57 wol %
PEQ;45-b-PHA 7, (black) and fitted scattering curve (red) according to
a2 Percus—Yevick model {decoupling approximation) for spherical
pores.

calcination (Figure 513C), a shrinkage of the assembled
spherical porogen by 17% occurs upon drying and mesopore
formation (see Exparimental Section and Supporting Informa-
tion for more details). Regarding the mesoporosity, a volume
fraction of 42% determined from SAXS seems reasonable, as a
polymer volume fraction of 57% was chosen in the synthesis.
This value is given as the volume fraction of template (ie.,
corresponding to the pore volume after calcination) with respect
to the overall volume (template and metal cxide assuming full
conversion of the precursor). A detailed description can be
found in the Supporting Information with egs 55 and 56, A
deviation is possible in the case that the polymer blocks are more
densely packed in the block copolymer micelles than in the
respactive homopolymers used for estimating the density of the
block copolymer. However, a porosity of only 30% can be
derived from the argon physisorption analysis (total pore
volume in Figure 5B) according to eq 57 being significantly
lower. Since SAXS is capable of probing even isolated pores, one
explanation could be that not the entire pore system is accessible
tothe adsorptive. On the other hand, the porosity determination
by SAXS using the aforementioned approach shows a relatively
large uncertainty: Only one prominent SAXS maximum of the
lattice factor (“Bragg” signals) is observed, the interpretation of
which in terms of a defined packing of spheres is impossible.
Hence, an exact lattice constant cannot be determined from
SAXS. The Percus—Yevick lattice factor used herein provides
reasonable semiquantitative values for the pore-to-pore distance
and the volume fraction of pores, which suffer from an
uncertainty of certainly up to 20%. Still, the pore-to-pore
distance obtained from this analysis reveals interesting insights:
An average pore distance of 43 nm combined with a pore size of
38 nm would suggest a pore wall thickness of 5 nm according to
SAXS. Taking the SEM image (Figure 5C) into account,
however, this value appears too small. This underestimation
could be a result of some overlapping mesopores (with a pore
distance being smaller than the pore size), hinting for model 2 in
Figire 7 as a plausible description. The pore distance obtained
with this model seems reasonable, as the position of the “Bragg”
signal at q = 0.15 nm ™" hints at a comparabla lattice distance of
42 nm (inverse of scattering vector s).

Another general approach to judge the plausibility of model 1
in Figure 7 comprises variation of the polymer concentration

hiitpszfded orgl 10,1021 /acs chemmater 301255
732533

Mater, 2033, 35, 95

37



Publikationen

Chemistry of Materials

pubs.acs.orgfom

-
(X
i

Parosity |
! 0% 0B

36

A B
' 800 { Argan i'_____,,..----u—“-‘r' oFT
% Isatherm I - ads.
L4} .
'a b Palymer i
E concantration J T
%dtﬂ]- & =85 vol % o
E & =E0vol% | _,.J E
ang | ® =57 woln et 2 <
rar 0.6 4

& '/—”-‘L_‘:" -—-':—:?F"._. =]
§ s :_a - g 0.a4

0 LR

r r r r
90 02 04 06 08 10 01
Redative Pressure p . p,™"

m
-

Cumulative Volume fcm® . g

2 3 4 5 20 40 &0 &0

Pore Size ! rm

Polymer Concentration

Fram Ar physisorption

=

| _._,7"‘\‘ = BB vol%
L, ) 0= 69 vol%
= L RE @ = 57 wol%
g £ Fram SAXS
& £ 50
E 3 .
in 40 .o
4
g ELVE
T T 20 T T T
a1 1 o 20 40 &0 g0 100

gl nm™’

Polymer Concantration d/ wal, %

Figure 9. (A) Argon (87 K) isotherms of mesoporous silica prepared with a PEQ y;;-b-PHA, ;) volume fraction of 57 (green), 69 (red), and 85 vol %
(blue) as well as the (B} respective pore size distributions derived from the adsorption branches with an NLDFT kernel for cplindrical pores. In
addition, SEM images of mesoporous silica obtained with the (C) highest and (D) lowest template amount are shown as well as (E) SAXS curves of
mesoporous silica prepared with 57 (green), 69 (blue), and 85 vol % PEDm—b—PHAm together with the corresponding fits (solid lines). (F) Overall
porosity and the contribution of the mesopores (red) are contrasted to the (G) pore size from SAXS as a function of the template amount. (H)
Contribution of the PEQ block (green) to the micropores is sketched for two different template amounts.

during the templating process. The rationale behind are micelles
being forced into closer contact upon increasing te%ate
content while keeping the precursor amount constant.”™*® If
model 1 holds true, the mutual mesopore connectivity is then
expected to be enhanced and the extent of cavitation in
physisorption experiments might be altered compared to the
samgple, as shown in Figure 5. Looking at the argon physisorption
isotherms of silica prepared with different polymer concen-
trations during the templating step (Figure 94), a clear increase
in specific pore volume and thus porosity with increasing
template amount can be seen, as shown in Figures 5, 6, and 5. In
addition, the SEM images of the highest (Figure 9C) and the
lowest polymer amount (Figure 5D) confirm a decrease in pore-
to-pore distance with increasing template concentration, i.e., the
mesopores being in a closer vicinity. However, the pronounced
cavitation-based hysteresis remains in all isotherms. Also, the
pore size distribution (Figure 9B) is very similar for all template
concentrations. Hence, in spite of baing of similar size and in
closer contact, the pore connectivity is unchanged althowugh the
number of accessible mesopores increases. By that, a small
connecting pore size as a result of a small pore-to-pore distance
(model 1) can be excluded.

It is worth mentioning that the corresponding SAXS curves
(Figure 9E) of the mesoporous silica materials reveal a slight
increase in pore size of the spherical mesopores with increasing
polymer concentration; namely, from 38 nm (57 vol %) to 44
nm (85 vol %) as plotted in Figure 9G. Such a trend was also
found for other PEO-containing templatas like Plaronic F127'%
and some PEC-b-P3'™ copolymers. Furthermore, the con-
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tribuition of the mesopores to the total pore volume increases
with increasing template concentration, considering the
curnulative pore size distribution (Figure 9B). Comparing the
mesopore volume (red bar in Figure 5F) to the total pore
volume (micro- and mesopore volume, white bar in Figure 9F),
the mesopore contribution increases from 52% (template
concentration of 57 vol %) to 80% (85 vol %)—see eq 58 in
the Supporting Information for more details. Since pore
connectivity model 1 in Figure 7 can be excluded, the
aforementioned two observations can be explained with a
consecutive withdrawal of the PEQ single chains from the
surrounding matrix with increasing template concentration and
thus decreasing the micelle-to-micelle distance. As llustrated in
Figure $H, the more the micelles approach each other within the
templating step, the more PEO single chains partly collapse onto
the PHA core in order to avoid an entropically unfavored chain
entanglement. Consequently, a smaller fraction of micropores
and a slightly larger mesopore size are observed after calcination.
This shows that the template concentration does not affect the
pore wall thickness in a trivial fashion as expected from
litarature,”® but the behavior of the PEO chains might
significantly change upon concentration variation, e.g., because
of different solvation and entropy effects as ahmd}rsgmposed for
other types of PEO-containing block copolymers.

5o far, one of the proposed pore connectivity models (Figura
7) can be ruled out, but still, the questions remain whether the
mesgopores are indeed as poorly connected and thus hardly
accessible as the isotherms in Figure 9A suggest. On the other
hand, it should be noted that the physisorption analysis
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Figure 10. (A) Side- and (B) top-view of the STEM-based three-dimensional reconstroction of the pore system of mesoporous silica prepared with 85

vol % PEQ,, b-PHA, ;. ( C) Magnified cutout highlights the pore windows by shawing the pore skeleton (red) and the sphere (transparent blue ) used

for determining the coordination number of the pore. Moreover, cne slice of the model is exemplified showing the (D) two-dimensional pare

morphology, (E) color-coded mesopore sizes from small (dark) to large (bright), and (F) color-coded wall sizes in units of nm each. The respective

distributions of the (G} average number of neighbors connected through a mesopore to the regarded pore derived from skeletonization, (H) pore sizes,
definition

and (I} wall thickness within the entire reconstructed particle are shown below. The

of the coordination number (CN) is illustrated by a

sketched pore network, including the skeleton (red) and the respective coordination number (black number) for each pore. Similarly, the definition of
the pore size and wall thickness by the local thickness approach is shown by a sketched pore system.

performed here provides only limited information on pore
connectivity; i.e., this method can only suggest in which way the
spherical mesopores are accessible from a surrounding bulk gas
phase. However, only limited information on the connectivity
between the mesopore cavities in the interior of the particle can
be obtained. Hence, to peer into fine details of the mesopore
space in PEOgs-b-PHA; -derived mesoporous silica, a 3D
model of the pore system was reconstructed from angle-
dependent STEM images of one particle ofthe material (STEM-
based tomography). This method is particularly suitable and
accurate here as (1) the alignment and reconstruction errors
(e.g, missing wedge) are low due to the large tilt range of 142°
and the high electron contrast between the sample and the gold
fiducial points and (2) the method provides a resolution down to
1 nm being significantly larger than the pore size.'"*'"® The
STEM analysis for mesoporous silica prepared with 85 vol %
template is shown in Figure 10A,B and nicely reveals an ordered
array of spherical mesopores, the shape of them being slightly
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deformed. Already qualitatively, the reconstruction confirms the
presence of spherical mesopores being connected through larger
pore windows (in addition to micropore channels as derived
from physisorption). Especially, the top-view in Figure 10B
shows several pore windows being larger than 10 nm and
enabling a view even through the entire cutout. We will discuss
this apparent contradiction between tomography and phys-
isorption in regards to the connectivity between the spherical
mesopores afterward. A few exemplary pore windows are
highlighted in a smaller magnified catout in Figure 10C.

A statistical description is possible by a skeletonization
approach in which the binary pore system is iteratively thinned
to the centerline until a one-pixel thick skeleton is obtained (red
skeleton in Figure 10C). All spheres (representing the pores)
from a local thickness determination are aligned to this skeleton,
and the number of branches leaving a sphere is counted
(transparent blue sphere in Figure 10C). For instance, the
sphere in Figure 10C contains three junctions of the skeleton

hiitpszfded orgl 10,1021 /acs chemmater 301255
732533

Mater, 2033, 35, 95

39



Publikationen

Chemistry of Materials

pubs.acs.orgfom

( small solid blue spheres }, which are summarized, leading to one
pore with a coordination number of six (the definition of the
coordination number is illustrated in Figure 10G). A detailed
description of this algorithm can be found elsewhere,™
According to this evaluation, each spherical mesopore is on
average connected to three to four adjacent spherical mesopores
as shown in the distribution of the coordination number in
Figure 10G. Since electron tomography is not able to resolve
micropores, each visible pore window has a dimension of
mesopores. The size of these connecting mesopore windows can
be estimated by determining the minimum diameter (in the
local thickness ofthe pore phase) along the skeleton connecting
two different pores.* As shown in the pore neck size distribution
in Figure 517A, the connecting pores most frequently possess a
diameter of 15 nm. Still, the distribution is verybroad, and rather
arange of 10— 30 nm should be concluded. The reason why such
a number of pore connections does not arise from the 2D slice of
the reconstruction (Figure 10D) is the fact that the large
mesopores do not necessarily have to be connected along this
slice plane but might be linked in all remaining directions of
space. This significantly decreases the probability of finding a
pore window in one single plane and causes a pore image
appearing rather isolated. The same holds true for the top-view
obtained from SEM: Only a few pore windows can be observed
in Figure 9C, which is further hampered by the low lateral
resolution of this method. Yet, a certain number of well-
connected mesopores can also be found by SEM, eg., in a
mesoporous silica prepared with 80 vol % PEOg-b-PHA,;
(PFigure 518).

Basides pore connectivity, STEM-based tomography offers
the opportunity of a precise pore size and even wall thickness
evaluation. Especially the latter is normally not directly
accessible in form of a size distribution by other methods such
as SAXS. Using the local thiclmess approach (plugin of Image]),
the pore size and pore wall thickness can be determined on a
local level as shown in the heat maps of the exemplary slice in
Figure 10D for the pore size (Figure 10E) and wall thickness
(Figure 10F). Hoere, the diameter of the largest sphere still fitting
in one phase without intruding into the second phase is
determined at any point, yielding the local thickness at the given
point as shown in the schemes of Figure 10H,L. A more general
picture arisas from evaluating all slices of the particle yielding the
overall pore size distribution in Figure 10H and the overall wall
thidmess distribution in Figure 10L The pore wall exhibits a
homogeneous thickness ofabout 17 nm, which is relatively small
compared with the pore size but rather large in absolite values.
Other templates such as PIB-b-PEQ lead to pore walls of only 10
nm thickness,” which might limit the crystallite growth in
crystalline metal oxides and by that negatively influences certain
properties (o.g., conductivity in case of conductive metal
oxides). A second approach to describe the wall thickness the
chord length distribution™™ (Figure S17B). A chord is a
straight line within the pore wall without passing a phase border.
The length of this path depends on the direction, because a
chord connecting two adjacent pores is shorter than a tangential
chord bypassing several pores. In a statistical description, instead
of the minimum diameter of a sphere at one point still fitting in
the solid phase (local thickness), a sat of chords through a given
point connecting the border of the void space each is generated
(see Experimental Section and scheme in Figure S17B). The
average of this distribution describes the mean length of a
straight path through the pore wall connecting two opposing
phase borders. This mean chord length might be more useful in

40

9891

terms of e.g, solid-state diffusion (diffusion pathways) in the
case of conducting solids, while the local-thickness-based wall
thickness might be more useful for mechanical studies. In this
case, 2 mean chord length of 42 nm is obtained being naturally
larger than the average wall thickness (17 nm) from local
thickness.

The mean pore size of 41 nm is in good agreement with those
of SEM (Figure 5D) and SAXS (Figure B). Additionally, a
significant number of small pores contribute to the tomography-
based pore size distribution. However, these pores result from an
artifact of the background subtraction. The latter is nacessary to
avoid that the local thickness analysis regards the badground as
one large pore. However, the pores located at the particle
surfacs, i.e., the small pores at the particle border shown in viclat
in Figure 10E are then assigned to 10— 15 nm pores because they
are not entirely covered by the silica phase, although they are
actually as large as the mesopores in the bulk. For this reason, a
distribution as shown in blue in Figure 10H is more
representative (leading to a mean pore size of 41 nm) than
the entire histogram shown in orange {mean pore size of 35 nm).
The deviation of the blue fit from the measured histogram in
Figira 10H between 20 and 30 nm can be explained with the
contribution ofthe pore windows (Figure S17A) to the pore size
distribution, which exhibit a significant fraction of pores of this
siza, Still, the blue distribution is more accurate to estimate the
size of only the spherical mesopores, subtracting the surface
artifacts and the pore windows. Regarding the possible error
while deducing the pore size by STEM tomography, a pixel size
of 1.62 nm must be considered. In the worst case, the two voxels
at each end point of the diameter of the pore (better to say:
largest sphere still fitting in the pore in the local thickness
approach) are incorrectly assigned to the wrong phase. This
leads to an uncertainty of the pore size of roughly 3 nm, as shown
in Figure S17C.

Furthermore, tomography gives access to a statistical
evaluation of the pore-to-pore distance. Building an average of
114 mesopores and plotting the distance of the respective pore
to all remaining pores in the particle (1388 detected pores)
yielded the distribution depicted in Figure 5170 From the first
maximum, a mean distance between two adjacent pores of 56
nm can be estimated, which is in good alignment with the sum of
the average mesopore size (Figure 10H) and wall thickness
(Figure 10I). Yet, by modeling the SAXS curve using the
aforementioned theoretical scattering function { Percus—Yevick-
type analysis,’® blue data in Figure 9E), a pore-to-pore distance
of 48 nm is obtained, which is different from STEM analysis bt
of a comparable order of magnitude and further supports the
STEM-based result. Note that the average pore-to-pore distance
obtained from SAXS analysis lacks accuracy as described above,
and a deviation of 15% is within the uncertainty of this analysis.
The Percus—Yevick approach is based on a statistical spatial
distribution according to a hard sphere potential of spheres
providing a lattice factor with an average distance and fraction of
spheres. However, if the arrays of spheres might possess a more
regular packing, the first SAXS maximum has to be converted
into a pore-to-pore distance by a different geometrical
relationship (e.g., face-centered cubic lattice), which goes
beyond this study. For this reason, we present a more extensive
and accurate evaluation of the SAXS data in a follow-up study.
Counting the respective number of pores, i.e., the integral of the
blue curve in Figure 17D, gives an idea ofthe total coordination
number (including also the pores connaected by micropores and
isolated ones), which amounts roughly to 12. However, the
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coordination number determination is strongly hampered by the
distances to the pores of the second coordimation sphere
(expected at approximately 85 nm in Figure 517D assuming a
face-centered cubic lattice) overlapping with the first one. A
coordination number of 12 hints at a face-centered packing of
the pores, but further studies will be conducted in the near
future. Summing up, the STEM-based tomography shows that
the 40 nm mesopores are better connected than the argon
physisorption suggests and pore windows of =10 nm are present,
which connect the large mesopores with sach other. Thus, a pore
maodel as depicted in model 2 in Figure 7 is suitable to describe
the PEO;g-b-PHA ; -derived pore system best. The pro-
nounced cavitation observed in physisorption (Figure 9) most
likely is thus a consequence of dead-ends, which represent the
end of a percolation path made up of well-connected mesopores.
These dead-ends are then connected to other percolation paths
or the exterior only by micropores and act as a bottlened: for
evaporation (see Figure 11). Yet, this does not exclude the

resulting pore madel
— percolation
path

- dead-end of percalation
path [= bottleneck)

Figure 11. Schematic representation of the pore connectivity model of
mesoporous silica based on physisorption, SAXS, and electron
tomography comprising percolation paths (red selid line) of well-
connected mesopores, which are connected to other percolation paths
or the exterior by micropores (blue dotted line ).

presence of some isolated mesopores (model 3) being only
connected by micropores to the surrounding mesopore space.
These can be found to a certain minor extent in the
reconstruction as well.

Mesoporous Zirconlum Dloxlde. Despite the state-of-the-
art analysis, the origin of the connecting micropores remains an
important feature with respect to the usability of these PHA-b-
PEO block copolymers. In principle, there are two possibilities:
(1) the micropores originate from single PEQ chains leaving
microchannels behind after calcination or (2) the micropores
belong to random, intrinsic cracks of the silica material. To
taclkle this question, a mesoporous silica thin film was prepared
by spin coating using PECQ;.-b-PHA 7 as a soft template. In
addition to the mesoporous thin film, a reference film without a
structure-directing agent was synthesized. The basic idea to
stidy the connectivity between the spherical mesopores is to
drop cast a tracing solution (here: cobalt nitrate) and monitor
the distribution of Co®™ ions within the thin films by ToF-
SIMS.'* By that, the depth profile can provide information on
the accessibility of the mesopore structure for an electrolyte
solution on the one hand and, on the other hand, whether
intrinsic cracks allow for a decent accessibility as well. In the case
of a silica thin film, a silicon wafer is not suitable bacausa the
substrate and thin film are barely distinguishable. For this
reason, an alumina wafer was used, which possesses, however, a
very rough structure (as shown in Figure 519GI). Thus, a
mesoporous zirconium dioxide thin film on a silicon wafer was
prepared in addition. This system benefits from knocking out
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the strong roughness of the alumina wafer and, on top, delivers
information on the mesopore accessibility for a crystalline metal
oxide (which are frequently used as catalytic materials). In
contrast to amo us silica acting as ideal replica of the
tEmplﬂtE,a‘\"“’m?’i ® a crystalline matarial might yield a different
pore connectivity since an increase in density takes place upon
crystallization. The latter occars by a change in volume and thus
might resalt in a widening of the pore windows. In addition, the
DLS study in Figure 4B evokes a potential dependency of the
soft templating on the metal oxide precursor used. Thus, the
suitability of PEO-B-PHA as a template for other metal oxides
might not be straightforward. According to the SEM image of
the mesoporous ZrQ, thin film (Figure 12G}), the pore size
amounts to (41 + 7) nm and matches the pore size of the silica
counterpart (a.g., Figure S19H). Consequently, PEO-b-PHA is
apparently able to yield ordered mesoporous ZrQ; as well. An
investigation by ellipsometry yields a film thickness of 122 nm
and arefractive index of 1.2945, which corresponds to a porosity
of 66%."" Besides the morphological investigation, the presence
of crystalline Zr0, can be confirmed by grazing incidence (GI)
XRD. The diffraction pattern in Figure S20A reveals that the
thin film consists mostly of monodinic Zr(y, but traces of the
tetragonal phase are discernible as well. As for the ZrO; thin
films, the depth profile of different ion species after electrolyte
impregnation and drying is shown in Figure 124 for the
mesoporous case and in Figure 128 for the untemplated { densa)
counterpart. Comparing the evolution of the Co™ signal with
that of the ZrO™ signal in the depth profile of the mesoporous
film (Figure 12A4), we find an almost perfect agreement of both
shape and intensity. After an initial plateau, both profiles showa
decay with proceeding sputtering. In contrast, the SiO™ signal
originating from the substrate offers the exact opposite behavior:
at the beginning, i.e., at the film’s surface, almost no Si species is
detected, but with increasing sputtering time the SiO™ signal
gains intensity simultaneously to the decay of the ZrO™ and Co™
signals. While the opposing trends of the ZrO" and 5i0™ signals
are expected for a layered structure, the high concentration of
cobalt ions deep in the Zr(Q, thin film and especially the
comparable shape of the Co™ and the ZrO™ signal evolution
suggest an in-depth infiltration by a cobalt-ion-containing
solution and hence an interconnected pore system. Con-
sequently, the 3D overlay in Figure 12C cleady confirms a
homogeneous and complete infiltration of the pore system by
the tracing solution, as schematically sketched in Figure 12D,
As for the dense reference film, the ZrO™ and SiO™ signals in
the depth profile (Figura 12B) bahave similarly to those of the
mesoporous film (Figure 124) but the Co* signal quickly drops
at short sputtering time and shows a relatively low intensity
afterward. This trend strongly hints at a Co-based wetting layer
on the Zr0; surface, which is further supported by the overlayin
Figure 12E, in which a threelayered structure is discernible, as
illustrated in Figure 12F. Hence, the absence of infiltration by
the tracing solution can be derived. Albeit the thin film is very
smooth, a sharp transition between the thin film and the wafer
can be observed neither in the mesoporous sample (Figure 12A)
nor in the dense one (Figure 12B). Also, the transition is blurred
in the overlays in Figure 12C,E implying an interdiffusion
between the ZrO; and Si phase. However, this does not
necessarily represent the actual spatial distribution, as an ion
mixing effect leading to a delay between the intensity increase of
the substrate’s ion signals and the decay of the coating signals is
often observed in SIMS.'* As a consequence of the rather harsh
bombardment of the secondary ions, sharp interfaces cannot be
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Figure 12. ToF-SIMS depth profile of a (A) mesoparous Zr0; thin film infiltrated with a cobalt nitrate solution including the signals of the ions Co™
(m/z = 59), ZrO™ (108), and 5i0" (44) and a (B) dense Zr(), reference film without PEOQ-b-PHA template including the signals of Co™, Zr0", and
50", The 3D overlay of the Co, ZrD", and 5i0" signals as well as a schematic representation of the undedying situation is shown for the (C,D)
mesoporous and (E,F) dense Zr0; film. Additionally, SEM images of the (G ) mesoporous Zr(; thin film and (]) mesoporous Zr0), powder are given
for comparison, as well as the (H) argon isotherm at 87 K of the mesoporous Zr0, powder with the (I} corresponding pore size distribution derived
from the adsorption branch with an NLDFT kernel for mesoporous silica with cylindrical pores.

resolved. The crater depth was determined by profilometry and
amounts to 190 nm in both cases. Since the sputtering rate, i.e.,
the crater depth evolution with sputtering time, depends on the
material, only the sputtering time is given in Figure 12AB and
consequently only the overall crater depth can be obtained.
Compared to the thin film thickness of 122 nm obtained from
ellipsometry, howewver, this value for the crater depth is
reasonable.

In the case of templated and untemplated silica films (Figure
519), an analogous result is observed although the rough
substrate causes a height difference within the thin film leading
to a rather blurred profile for the dense film (Figure S19B,E).
Collecting the results ofthe mesoporousand the dense reference
film together, the interconnected pore structure observed in the
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tomography of mesoporous silica powder is confirmed by the
full impregnation of the porous silica film. The cobalt wetting
layer in the case of the dense film, however, shows no
penetration of the tracing solution, which implies that only the
pores generated by the template are respomsible for the
infiltration observed in Figure 12C. Thus, the micropores that
connect the mesopores in the case of the mesoporous system are
most likely the result of single PEQ chains and not of random
cracks.

The influence of crystallinity on pore connectivity is difficalt
to investigate in the thin film state. Indeed, Figure 12G clearly
shows the pore structure even below the surface ofthe ZrO, thin
film, which thus seems to be readily accessible from the top.
Also, the ellipsometric porosimetry measurements of a
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mesoporous metal oxide thin film by Lokupitiya et al.”™ gave rise
to a type IV isotherm sugpesting an easily accessible pore
network. However, a quantitative interpretation is hardly
possible by, e.g., gas physisorption experiments. For this reason,
a mesoporous Zr0, powder was prepared by a sol—gel approach
similar to that of S5i0, in order to investigate the porosity in
terms of pore blocking by physisorption. The presence of
tetragonal ZrO; (and traces of the monoclinic phase) according
to powder XRD ( Figure S20B) confirms the successful synthesis
of a crystalline material. As for the morphological character-
ization, spherical mesopores of (38 + 5) nm in diameter arise
from the SEM image (Figure 12]) similar to those of
mesoporous silica (Figure 5C). Opposed to the parent silica
system, the argon physisorption isotherm in Figure 12H,
however, reveals significant evaporation already before the
cavitation pressure. Additionally, mesoporous zirconia shows a
low amount of micropores, which is an explanation for the
apparent low surface area (40 m? g !). Even taking into account
that Zr(y, is almost 3-fold denser than amorphous Si0,, the
surface area of the ZrO, powder was adjusted to about 100 m?
g%, which is still lower than that of silica ( 180 m® g~*}. Instead of
micropores, a significant amount of mesopores of ca. § nmin size
arise from the pore size distribution in Figure 121 hinting at a
pore window widening upon crystallization. In conclusion, a
comparable pore size and shape are observed in a crystalline
metal oxide, but according to physisorption, the pore system is
better accessible than in the case of amorphous silica.

Influence of the Block Lengths. Based on the afore-
mentioned results, PEQ-&PHA block copolymers seem to be
promising soft templates for targeting a large mesopore size of
about 40 nm, especially for crystalline metal oxides. However,
pore size tuning would be very important for systematic studies
and talloring of porosity-dependent properties. As a proof of
concept, four different PEO-B-PHA blode copolymers were
synthesized: two pairs of a constant PEO block length (131 and
214 repeating units, respectively) each with a short (57 and 83)
and a long PHA block (322 and 396 repeating units). This set of
block copolymers enables a rough estimation of which polymer
block governs the mesopore size and to which extent. The SEM
images of the mesoporous silica powders after soft templating
are collected in Figure 13 together with the corresponding
average pore diameter.

It turns out that the average mesopore size increases from 20
to over 40 nm by increasing the PHA block length from ca. 70 to
over 300 repeating units (for both PEO block lengths).
However, the PEO block length does not seem to affect the
pore size significantly. Especially in the case of the short PHA
block, doubling the PEO block length, surprisingly, keeps the
mesopore diameter untouched (20 nm in both cases). These
observations are qualitatively confirmed by the pore size
distributions derived from argon physizorption (Figure 521B)
although slight shifts of the pore size distribution between the
silica powders from PEQ,y-b-PHA,; and PEO;,-b-PHA; as
well as between PEQy-b-PHA;,, and PEO,,-b-PHA,,, are
apparent. This, however, can be explained by the PHA block
length not being exactly of the same size each. However, the
PEQ3,-b- PHA 305-derived silica renders an exception from this
trend. There, the pore structure seems less ordered and
homogeneous than in the other three samples. Ome reason
might be thata very short PEC block combined with a very large
PHA block might not be sufficient to screen the entire PHA core
from the polar solvent, and hence, no stable micelles are formed.
Following the concept of the paddng parameter, the formation
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Figure 13. SEM images and average pore sizes of mesoporous silica
synthesized with PEOQ-b-PHA block copolymers of varying PEQ and
PHA block lengths: (A) PEC,;,-b-PHAg, (B) PEOq-b-PHAz,, (C)
PE'DJN-I:'-PI-IAW and (D) PEDm-b-PH&wﬁ. The last sample is not
included in the quantitative comparison due to the pore structure most
likely not resulting from soft templating with polymer micelles.

of vasicles might be favored,”**" which is supported by the
rather heterogeneously shaped mesopores in the SEM image
(Figure 13D) partly containing small metal oxide spheres in the
pore center. As a result, the polydispersity in pore size as seen in
SEM israther large, and the PSD from argon physisorption is too
blurred to be accurately evaluated. Similarly, Dunphy et al.
observed a phase separation of Pluronic polymers during soft
templating of silica for small PEC amounts yielding hr%g pores
due to the packing-related formation of vesicles.™ Still,
comparing the four argon isotherms to each other, the shapes
are very similar in all cases, highlighting the reproducibility of the
synthesis as well as the homogeneity of the pore structure along
the sample series.

If the pore structures are very similar and the PEO block
length does not influence the pore size, then the question arises
whether the PEO block affects the templating process after all.
Reconsidering the aforementioned model of hairy micelles, i.e, a
PHA core on which the PEO block partly collapses, while the
rest remains as single stretched out PEO chains, the PEO block
length should govarn the amount of micropores (see scheme in
Figura 521C) after templating and should affect the mesopore
volume only moderately. In this regard, the mesopore volume
fraction @ ., defined by the mesopore volume (red fraction in
Figura 521D) divided by the total pore volume (sum of red and
green part in Figure 52110) is a suitable descriptor to investigata
the relative amount of meso- and micropores, respectively. With
increasing PEO block length, the contribution of the mesopore
voluma to the total pore volume decreases from 62% (PEQ, 34-b-
PHAy,) to 54% (PEO,-b-PHAy,) being in good agreement
with the expectation that the mesopores contribute less to the
overall pore volume because more micropores are present.
Analogously, @ _ . increases with increasing PHA block length
from 54% (PECQy-b-PHAg) to 64% (FEOgy-b-PHAy,)
confirming the increasing amount of mesopores keeping the
micropore fraction constant. Within this sample matrix, the
PEQyy,-b-PHA g -derived silica should possess the highest
value, comprising the shortest PEC and the longest PHA
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block. However, in this case, @ o, = 54% is observed but this
value cannot be compared with the other materials due to the
different pore structure (vesicles versus micelles). As the
polymer volume used for templating was kept constant in all
samples, it can be concluded that the PEO block length mainty
governs the micropore amount, while the PHA block length
influences the mesopore dimension. Regarding the template
system poly( N,N-dimethylacrylamide)-block-poly( styrene ), Bil-
let et al.** observed a mesopore size increase with increasing PS
block lemgth, ie., micelle core size. This monovariant study
confirms the crucial role of the micelle core, although the role of
the second block length is not sufficiently understood.
Nevertheless, a word of caution is necessary since the number
of studied polymers is very small here. Espacially, the PEO,5,-I~
PHA 3s-derived silica forms a missing puzzle piece because this
template does not result in an ordered mesopore system and is
not suitable for comparison. Here, further studies with a larger
library of block copolymers are necessary to deeply understand
the role of both block lengths for soft templating, Still, the small
series in Figure 13 confirms that pore size tailoring is possible
with the PEO-b-PHA block copolymer system.

B CONCLUSIONS AND OUTLOOK

In this study, a facile synthesis of PEO-b-PHA block copolymers
based on a supplemental activator reducing agent atom transfer
radical polymerization is presented, establishing a block
copolymer system with tunable PEC and PHA blodz lengths.
These polymers have been used up until now for the preparation
of mesoporous metal oxide thin films, and building on this we
expand the soft templating procadure to metal oxide powders as
well and confirmed an underlying EISA mechanism. In addition,
we show that SEM, argon and nitrogen physisorption, SAXS,
and STEM-based tomography provide an in-depth compre-
hensive investigation of the pore system, mesopore connectivity,
and tﬂ-l]'lplltlﬂg behavior. In the case of PEDJS&‘E"PH"“i?il the
deduced pore model comprises spherical mesopores of 40 nm in
diameter being connected by mesopore windows (above 10 nm
in diameter) to three to four adjacent mesopores. In addition,
the pore connection through the pore walls being 17 nm thidk on
average occurs via micropores of 1-2 nm, representing the
bottleneck if they are the only connecting pores of the regarded
mesopore. Infiltration of mesoporous metal oxide thin films by
an electrolyte solution and subsequent ToF-5IMS measure-
ments confirm that these micropores originate from the block
copolymer (eg, from single PEQ chains penetrating the
inorganic matrix) and not from random intrinsic cracks of the
inorganic phase. Furthermore, this experiment demonstrated
that the mesoporous scaffold is accessible for a liquid electrolyte,
which is of great interest for, e.g, electrocatalytic applications.
Especially a crystalline motal oxide (here: ZrO; compared to
amorphous 5i0,) turned out to possess an ordered mesopore
structure with better accessibility than that for S0y, as shown by
physisorption. In the future, we will simulate a SAXS curve from
the STEM-based reconstruction and compare it with the
experimental one in order to evaluate if the particle investigated
by STEM is representative for the entire sample, and if the
tomography-derived results are generally applicabla.

By changing the block lengths of both the PEO and the PHA
block, the resulting mesoporous silica materials showed a clear
dependency of the mesopore size on the PHA block length,
while the PEO block mainly governs the amount of micropores
in the metal oxide. Thesa results verify that PEQ-b-PHA block
copolymers represent a very promising soft template to target
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large mesopores (20—50 nm), especially for catalytically
relevant metal oxides (often requiring the crystalline state). In
particular, the facile pore size variation by adjusting the block
lengths pave the way toward systematic studies concerning
porosity-property relationships, such as the influence of pore
and wall size on the catalytic activity and stability.
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Table 51. Overview of important templates for the synthesis of mesoporous metal oxides with
cylindrical and spherical mesopores of varying pore size. Note that the focus lays on pure-
template-denived pore systems to enable a comparison between the templates. However, pore size
variations are possible with swelling agents and adjustment of solvent and temperature during or

hydrothermal treatments after the synthesis.

Silica : Pore
Reference Template Type Pare Size Morphology
Beck of al. 1992! CoH1NMes™ MCM41  18nm  Dexagonmal
cylinders
Beck ef al. 1992 CoHisNMes™ MCM41  21nm  Dexagonal
cylinders
Beck of al. 1992 CroHaNMes™ MCM41  22pm  Dexagonmal
cylinders
9 ) . hexagonal
Kresge et al. 1992 C1oHasNMe; MCM-41  30nm cylinders
Beck ef al. 1992 CraHaoNMes* MCM-41  30nm hexagonal
cylinders
9 s hexagonal
Kresge et al. 1992 C1sHssNMes MCM-41  40nm eylinders
5 CisHisNMes™ (post- hexagonal
Huo ez al. 1996 oynthesis freatment) MCM-41  6.0nm cylinders
Kresge et al. 19922 CioHssNMes™ (higher — nreovigg 20mm®  cubic phase’
template concentration)
& Tergitol hexagonal-
Bagshaw er al. 1993 Cu1- 15Has - 31-PEOs MSU-1 2.5 nm like channels
& Tergitol hexagonal-
Bagshaw et al. 1995 Cu1-1sHos. 31-PEO MSU-1 3.1 nm like channels
& Tergitol hexagonal-
Bagshaw et al. 1995 C1i-15Hos_31-PEOss MSU-1  26mm o hannels
& Tergitol hexagonal-
Bagshaw et al. 1995 Cri-15Hz3 - 3:1-PEO MSU-1 4.8 om like channels
2
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Reference Template STﬂy;c: Pore Size l\n[nrl;l';::lngy
Bagshaweral 1995 (RO MSUL 45am SoEOML
Bagshaw ef al. 1995° ey MSU2  20mm coegoml
Bagshaw et al. 1995° X MSU2  35am ool
Bagshaw et al. 1995° e MSU2  2lam  noEomal
Bagshaw et al. 1995° PEOII?;“;oﬁfPEDIJ MSU3  58am H}?k“:‘:ﬁﬁis
Smarsly ef al. 20017 CeHi7-PEOs MSU-ike  22nm ':;“hﬂfﬁl

Attard et al. 1995° CizFls-PEOs MSU-ike 28 nm E‘hﬂfﬁl
Smarsly er al. 20017 C14H:0-PEOQ, MSU-like 27 nm ];;K];Fg;:;l
Sm;;f ;}_12933:7 C16Ha33-PEOg MSU-like 3.1 nom cubic phase
Smarsly ef al. 20017 Cu}hB:il;Eom MSUdike 33 nm lgxﬁangﬁl
Smarsly et al. 20017 c, ﬁgEUm MSUldike  3.5nm i:xﬁ;:;l
Smarsly ef al. 2001’ s MSUlike  37nm ':;"Hﬂfgl

Zhao et al. 1998° ppoonicPI3 | sBA1s  47m Exﬁafﬁl

Zhao et al. 1998” PEGw PPOWPEC,y  SBA1S  60mm ];:xhafﬁl

Zhao et al. 1998° PE%:S%STI;—ISEIDS SBA-15 10 nm i;xﬁ;:;l

Zhao et al. 1998° Phuonic F127 SBA-16  S4nm  cubic phase

PEO106-PPO70-PECh10s

s3
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Reference Template ST‘;IP“: Pore Size mrl;':::hﬂ
Pluronic P123
Kleitz et al. 2003° PEQ:0-PPO70-PEO20 KIT-6 40 nm cubic phase
(with »n-butanol, 35 °C)
Pluronic P123
Kleitz et al. 2003° PEQ:0-PPO70-PEOa0 KIT-6 12 nm cubic phase
(with n-butanol, 130 °C)
Zhang et al. 2018"! PSs0-P4VPs - 6.2 nm t::e;hﬂf;;zl
Xiao et al. 2013%* PSso-PAA 1m0 - 13 nm cubic phase
Yu et al. 20001 PEO;,-PBO4;-PEO;0 FDU-1 12 nm cubic phase
Thomas et al. 2003 (PEoer EBK:_i_ );—PED;: KLE-type 12 nm cubic phase
Thomas eral 2003 Lo fﬁima KIF-type 13nm  cubic phase
Thomas et al. 2003 (PEos: ﬁi—m: KLE-type 16 nm cubic phase
Lee et al. 2008'* Pligp-PEO; 75 - 23 nm® I::E;hﬂf;;a:
Stefik ef al. 2015'° Ploze-PEQss2 - 32 nm® cubic phase
Wei et al. 20117 PEQys-PMMA; 3 - 18 nm cubic phase
Wei et al. 20117 PEO125-PMMA174 - 33 nm cubic phase
Tanaka et al. 2018'2 PS162-PAAL-PEOys - 39 nm® cubic phase
von Graberg et al. 2010'* PIBsg-PEQss - 23 nm? cubic phase
von Graberg ef al. 2010*° PIB3s53-PEQuse - 40 nm?* cubic phase
Billet et al. 2020*° PDMA-PSs; - 8 nm® cubic phase
Billet et al. 2020*° PDMAss-PSass - 45 nm® cubic phase
Yu et al. 2001 PS35-PEO 50 - 5 nm cubic phase
Yu et al. 2001% PSa215-PEOwno - 18 nm cubic phase
Liang et al. 2022** PSs76-PEOgs - 48 nm* cubic phase
sS4
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Silica . Poare

Reference Template Type Pore Size Morphology
Lokupitiya et al. 2016% PEQys:-PHA70 - 25 nm® cubic phase
Lokupitiya et al. 2016% PEQ4s3-PHA43 - 56 nm® cubic phase
Velev et al. 1997 » isggﬁafm} imo;:lse 150nm  cubic phase
Waterhouse et al. 2007% Fj‘fg‘;ﬂrﬁ‘; mﬁ;‘f 180nm  cubic phase
Waterhouse et al. 2007 fm?bf;i lmDI:IS'e 260 nm cubic phase
Velev et al. 19972 @ ESS 6"“’03"11:]1} ‘“"Dgl“"’e 380nm  cubic phase
Zakhidov ef al. 1998% ( dsi%otae:gl} iﬂ‘ﬁ:;‘f 160nm®  cubic phase
Chai ef al. 20047 " di‘%mbeadﬂm) ‘“"Dgl“"’e 806 nm*  cubic phase

*pore size from a matenal different than silica

Table 52. Overview of the amounts of macromitiator (PEQ-Br), hexyl acrylate (monomer), ligand

(TPMA), and CuBr: for the SARA ATRP reactions used 1n this work.

Sample PEO-Br Monomer TPMA CuBr;
PEO;s:-b-PHA1n 1001 mg 42 mL 39mg 16 mg
PEOuu-b-PHAsn 500 mg 235 ml 43 mg 11 mg
PEO214-b-PHAs: 1000 mg 3.83mL 86 mg 22 mg
PEOna1-b-PHAz046 501 mg 53.1mL 85mg 22 mg
PEOqa1-b-PHAs? 500 mg 345mlL 85mg 22 mg

S5
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TEMA
PECQ-0H PEQ-Br

PEC-b-PHA
Scheme S1. Two-step synthesis of PEO-5-PHA block copolymers comprising (1) a Steglich

estenification of the PEO-OH homopolymer to give the PEO-Br macroimtiator with a terminal

C—Br bond and (2) the SARA ATRP with hexyl acrylate.
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Figure S1. 'H-NMR (400 MHz) spectrum of the PEO-Br macroinitiator (20 kDa) in CDCls. The

peaks are assigned according to the given structure.
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The degree of polymerization of the PEQO block » is determined from the integrals i the 'H-
NMR spectrum of the macroimtiator. In this regard. signal D) anising from the repeating unit has
to be compared with the head-group’s signal. Signal E 1n Figure S1 1s well separated, and thus
provides an accurate determination of the PEQO block length according to equation (S1)

35
H—E

The degree of estenification of the PEQO-Br macrommtiator can be directly determuned by the

(1)

companson of signals E and F, i.e., the ratio of the integral of signal F to the integral of signal E

in Figure S1.
'H-HMR
et s i [og lar
: g R« R ..JL\ P
o B o ['
" oo
ﬁ.\jE
=
o Fr' F
S, '_HG
E L Ylm
g
E PEO u-b-PHA, -, F
2 1.29
5 o7
I o
E
329 C p '®
a 2.36
i 336 o 1.687
200 836 003 1.00 10,27 303

& pom
Figure S2. "H-NMR (400 MHz) spectrum of the PEO;s5-5-PHA,7; block copolymer in CDCl;.

The peaks are assigned according to the given structure.
The degree of polymerization of the PHA block m is deternined from the integrals in the 'H-

NMR spectrum of the block copolymer. Since the product of nuclei per repeating umt and degree

s7
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of polymernization divided by the respective mtegral 1s a constant for each block, m can be obtained
from the integral J; of the respective NMR signal if the degree of polymerization of the PEO block
n 1s known (see above). Note that the number four in the denominator on the right-hand side of
equation (52) arises from the number of summands for the PHA block in the nominator:

I, I. I,+L+L I
m=4_n_'2*+f+j—rﬁ—ﬁ+f (S2)

Iy 4

Due to the tacticity-derived resonances ?® signal D in Figure 82 is less intense than expected

while signals E and F possess a higher intensity. Thus, signals D, E_ and F are treated as one signal

in equation (S2).
A B
GPC curve in THF Estimation of residual PEQ-Br
= =
i a
= Il PEQus8r :___.:'
uw =
5 | PeowebPuA N [l w2 =257 kDa T | PEQbPHA,
E | mm=s02koa | ‘lll'\.,—"ll POI=1.03 E 79 Wt 5
[ PDI = 1.55 | -
= I g
2 f &
= | o
x | o
|II \
/ l\_
5 G T B @ 10 11 12 13 5 5 7 B 8 10 1" 12 13
Elution Velume / mL Elution Valume / mL

Figure S3. (A) GPC RI traces of the macroimtiator PEQ-Br (blue) and the PEO-5-PHA block
copolymer (red) in THF . (B) The GPC trace of the PEQ-5-PHA block copolymer (black) was fitted
(red, dotted line) by a combination of two functions, one for PEQ-5-PHA (red area) and one for

PEO-Br (blue area) in order to estimate the amount of residual macromitiator in the final product.
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Figure S4. 'H-NMR (400 MHz) spectrum of the PEO-Br macroinitiator (5 kDa) in CDCl;. The

peaks are assigned according to the given structure.
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Figure S5. '"H-NMR (400 MHz) spectrum of the PEO-Br macroinitiator (10 kDa) in CDCls. The

peaks are assigned according to the given structure.
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Figure S6. 'H-NMR (400 MHz) spectrum of the PEO;3;-b-PHAs; block copolymer in CDCl;. The

peaks are assigned according to the given structure.
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Figure S7. 'H-NMR (400 MHz) spectrum of the PEO»14-5-PHAs: block copolymer in CDCls. The

peaks are assigned according to the given structure.
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Figure S8. 'H-NMR (400 MHz) spectrum of the PEO;3;-5-PHA 05 block copolymer in CDCl;.

The peaks are assigned according to the given structure.
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Figure 59. '"H-NME. (400 MHz) spectrum of the PEO214-5-PHAs2 block copolymer in CDCls.

The peaks are assigned according to the given structure.
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Figure S10. GPC RI traces of (A) PEO214-5-PHAz:, (B) PEO214-5-PHA:3:, (C) PEO131-5-PHAS7,

and (D) PEOn31-5-PHA 46 in red, as well as the respective macroinitiators in blue (eluent: THFE).
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Figure S11. The GPC traces of the block copolymers (A) PEQ214-5-PHAs2 and (B) PEOy3:-b-
PHA:7 (black) were fitted (red, dotted line) by a combination of two functions, one for PEQ-b-
PHA (red area) and one for PEQ-Br (blue area) in order to estimate the amount of residual

macromitiator i the final product.

Dynamic PEQ-b-PHA in EtOH
40 1 light scattering
12.6 nm
10
L] T
&0 PEC-b-PHA in TEDS
Ed 85.0 nm
T a0
A
E
3
= H
Q
B0 pure TEQS
a0 4 07 nm
2
0
1 10 100

Hydredynamic Diameter | nm
Figure S12. DLS data of PEO;ss-b-PHA 7, 1n ethanol (top). PEOsss-5-PHA 7, dissolved 1n the
metal oxide precursor (middle), and the pure precursor as blank measurement (bottom).
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SAXS curves of a weakly (before 48 h of drying at 40 °C), highly condensed (after drying), and
calcined silica-template hybnd gels are collected in Figure S13C. Note that the reaction mixture
termed weakly condensed was sealed in the measurement tube but measured two weeks later. This
allows a partial micelle assembly and condensation even without exposure to 40 °C leading to the
observed maxima and minima of the SAXS curve. The sample termed highly condensed was dried
at 40 °C in the measurement tube before sealing representing the dried gel state. Followng a
Percus-Yevick model, the size of the sphenical objects, i.e., pore forming micelles in case of the
gels and mesopores in case of the calcined metal oxide, can be determined and shows a steady
decrease by 4 nm upon drying and calcination, respectively. Deviations of the fits from the data
(especially the distance between the first two maxima) might result from the simplicity of the

model taking neither imperfect sphencal (i.e.. ellipsoidal) pores nor ordered lattices into account.
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. T slope = - 2 13 rim ekl R - “::5' 4
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Figure S13. SAXS curves of PEOss5-b-PHA 171 dissolved m (A) a mixture of TEOS (85 vol %)
and ethanol (15 vol.%) and (B) pure TEOS (dotted lines) compared with simulated SAXS curves
for 13 nm Gaussian coils and spherical micelles (solid lines). (C) The SAXS curves of a weakly
condensed (blue), dried gel (red), and calcined mesoporous silica synthesized with 57 vol %

PEQss5-b-PHA 71 are given with the respective fits (solid lines) based on a Percus-Yevick model.
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In an SEM image, the mesoporous metal oxide 1s regarded along a random breaking plane (see
Figure S14A), along which the particle broke during grinding. As shown in Figure S14B, the
resulting apparent pore size x from SEM is smaller than the actual pore diameter 27 A
mathematical description is possible by evaluating the right triangle built up by the pore radius r,
the distance 4 of the breaking plane from the pore center, and the apparent pore radius 0_3x yielding

the apparent pore size shown in equation (S3) and plotted in Figure S14C:

x=2-r2 = d? ($3)

A random cut through several pores comresponds statistically to several random cuts through one
single pore. Assuming the breaking planes to be located randomly, i.e., all values of d are equally
probable, the average apparent pore siZe Xavg thus can be determined from equation (S4). Here, the
denominator represents the pore radius » and the numerator one quarter of the ellipse made up

from the pore size 2r (long radius) and the pore radius » (short radius) leading to the simple form:

_J‘J(Z-‘Jrz — dz)dd_

b1
. i LI (34)

With a mesopore of 41 nm 1n diameter (see STEM tomography), an average apparent pore size
of 32 2 nm 1s obtained. Thus, an underestimation of the pore size of 21% by SEM can be expected.
Alternatively, Figure S14C represents the fraction of pores exceeding a certain threshold pore size
(in case of equally distnbuted breaking planes). This means for instance that 50%
(= 10.25 - 20.5") of the observed pores possess an apparent pore size above 36 nm and 80%
(= 16.4 - 20.5™") are still above 25 nm. Yet, all these values correspond to the maximum error as
the assumption of the equally distributed might not hold true, e.g.. 1f a breaking plane near the pore
center 1s more likely due to the thinner pore wall, and the actual underestimation might be smaller.

In any case, the maximum deviation of the SEM evaluation 1s in worst case in the range of the
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width of the pore size distribution, i.e., polydispersity, enlarging the range of the mean pore size

by 7 — 10 nm (20 — 25% depending on the evaluation method) in each direction.
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Deviation from Center o/ nm

Figure S14. (A) Schematic representation of mesoporous silica with a random breaking plane
shown 1n blue, along which an SEM 1mage would be recorded. (B) The geometnic relation between
pore diameter and apparent pore size x observed in SEM 1n case of single pore bemng cut along a
breaking plane (blue) with a distance d from the pore center yields (C) the dependency of apparent

pore size on the cutting distance 4.
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Figure S15. (A) Argon isotherm at 87 K (red) and nitrogen isotherm at 77 K (green) of
mesoporous silica denved from PEQsss-5-PHA 71, as well as (B) a companson of the pore size
distnbutions denived from the adsorption branch (filled symbols) and desorption branch (open
symbols) of the argon isotherm with an NLDFT kernel for cylindrical pores. (C) Comparison of
the pore size distnibutions obtamned from the desorption branch of the argon (red) and mtrogen

(green) 1sotherm with an NLDFT kemel for cylindrical pores.
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Figure S516. Relative cavitation pressure i dependency on the pore size according to Rasmussen
et al.®® (black) for nitrogen. as well as the data points for nitrogen (green) and argon (red) of this
work. The dotted lines represent the bulk cavitation pressure of nitrogen (green) and the expected

bulk cavitation pressure of argon (red).

The polymer concentration being equal to the theoretical porosity of the final metal oxide 1s
defined by the volume of polymer with respect to the overall volume. Estimating the volume of
the polymer requires the knowledge of its density prep. which can be obtained from the ratio of
polymer mass to polymer volume. In detail this comresponds to the expression shown in
equation (S3), where M, defines the number-weighted molar mass from 'H-NMR., # is the degree
of polymerization of the PEO block, m 1s the degree of polymernization of the PHA block, M=o and
Mhua are the respective molar masses of the repeating units (44 g mol™ and 156 g mol™,
respectively). and preo and prua are the respective polymer block’s density (1.13 gmL™" and
1.065 g mL™, respectively)*:

_ M,

PBCP = 7 Mg L m Mg, (S5)
PpEp PpHa
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This averaged density can be used to convert the polymer mass into a volume Fecp (equaling the
pore volume). The metal oxide’s volume can be derived as follows: the mass of the precursor (in
case of liquids like TEQS, the volume is transformed into the mass using the according density) 1s
converted mto a molecular amount using the molar mass. The amount of precursor 1s then assumed
to be equal to the amount of metal oxide. i.e., assuming that all precursor molecules react to the
final metal oxide. The amount of metal oxide is then converted to the mass (using the molar mass)
and finally to the volume Fiug (via the density). In case of amorphous silica, a value of
2.2 g mL™! was used. The polymer concentration (and thus theoretical porosity) @ amounts then
to the ration shown in equation (S6):

Vece

@ (S6)

~ Vace + Voxide

In contrast, the expenimental porosity P can be determined from physisorption experiments with
the total (specific) pore volume ¥V}, wml, 7., the maximum wvalue of the cumulative pore size
distibution at large pore sizes, and the density of amorphous silica psica according to
equation (S7):

Vo, total

1 (S7)
VP’ total i ‘asilica

P=
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Figure S17. (A) Distribution of the pore neck size and (B) chord length distribution of the wall
phase (silica) obtamned from the STEM-based tomography of mesoporous silica derived from
PEO;55-b-PHA; 11 (85 vol.% template). (C) The pore size distribution with the pixel(/voxel)-size-
based maximum possible error (dotted lines) and (D) the average mumber of surrounding
mesopores in dependency on their distance to the regarded pore of the same sample are displayed
together with a scheme of the pore system explaining the plotted data. The respective average

distributions are shown in blue for eye guidance.
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Figure S18. SEM images of mesoporous silica prepared with a PEO3ss-5-PHA 17 volume fraction

of 80 vol.% providing a rough insight into the connection of the surficial mesopores to the

mesopores in the sub-surface.
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Figure S19. ToF-SIMS depth profile of (A) a PEO;ss-b-PHA171-denived mesoporous S10; thin
film infiltrated with a cobalt nitrate solution including the signals of the ions Co™ (m/z = 59). S10™
(44), and AlO™ (43) and (B) a dense SiO: reference film without PEO-5-PHA template including

the signals of Co™, ZrO™, and SiO™. The 3D overlay of the Co™, SiO”, and AlO™ signals as well as
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a schematic representation of underlying situation is shown for (C and D) the mesoporous (the top
of the overlay was cropped due to surface contanmnations) and (E and F) the dense $10: film. In
addition, SEM images of the (G) pure Al:O: wafer used for deposition in top-view, as well as (H)

the top-view and (I) cross-section of the mesoporous 510, film 1s given.
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Figure S20. (A) GI-XRD pattemn of the mesoporous ZrO; thin film and (B) powder XRD pattern
of mesoporous Zr(: powder denived from PEOsss-5-PHA 7. The reference pattern for tetragonal
(ICDS 98-065-5761, blue) and monoclhme (ICDS 98-008-004, hght blue) ZrQ: are given m

addition, and the reflections are labeled respectively.
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Figure S21. (A) Argon isoth at 87 K of mesoporous silica synthesized with PEO-5-PHA
block copolymers of varying PEQ and PHA block lengths: PEO:14-5-PHAz: (black), PEOns-5-
PHAs1 (red), PEO131-5-PHAs7 (blue), and PEOh31-5-PHAses (green) as well as (B) the
corresponding pore size distributions derived from the adsorption branch with an NLDFT kermel
for cylindrical pores. The last sample (green) is not included 1n the quantitative comparnison due to
the pore structure most likely not resulting from a soft templating with polymer micelles leading
to a blurred pore size distrbution. (C) Schematic representation of the contribution of the PEO
(green line) and PHA block (red line) to the mesopore (red area) and micropore volume (green
area) resulting in (D) the two-step cumulative plot. Also, the mesopore contribution of the silica

matenals 15 given.

523

71



Publikationen

72

To quantify the contribution of the mesopore volume to the overall pore volume, the mesopore
contribution Pumese was defined as ratio of mesopore volume Fp meso to total pore volume (sum of

mesopore volume and micropore volume Fp, micro) as described in equation (S8):

& _ Vp, meso <8
mese Vp,meso + P’p’ micTo ( )
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ABSTRACT: Macroscopic properties of mesoporous metal oxides  block tuning
depend on the mesopore architecturs, ie, the pore size, wall lengths e, MMESDpOre

iz
thidmess, and pore connectivity. Consequently, rational prepara- 10’"“‘~} o sz pore
tion protocols and deep knowledge of the templating mechanism PEO HA A ) () connectivity
are required for systematic porosity—property studies and the

intentional synthesis of an optimized pore morphology. In this
work, we thus prepared a library of 17 poly{ethylene oxide)-black-
poly(hexyl acrylate) (PEO-b-PHA) blod: copolymers of varying _— wall size
PEO and PHA block lengths to quantitatively deduce the effect of amount

the individual block lengths on the mesopore size of the templated @
silica. The block length of the hydrophobic PHA blodk in the @

micelle core showed to enable a pore size tuning between 10 and

80 nm according to electron microscopy, physisorption, and small-

angle X-ray scattering, In contrast, varying the PEO block length did not alter the pore size, but revealed that a sufficiently large PEC
block is required to ansure ordered spherical mesopores. Elactron tomography confirmed a spherical pore geometry and a systematic
decrease in pore wall thickness upon increasing the template concentration (ie., terplate-to-silica ratio) during soft templating. A
statistical in-depth analysiz by tomography demonstrated that this wall size decrease is accompanied by an improved pore
connectivity (e.g., in terms of the coordination number of adjacent pores) and an increasing pore size. The pore size increase
originates from a partial PEO collapse on the micelle core based on a pore volume analysis and occurs only above a certain threshold
concentration of block copolymer. We demonstrated that this concentration can be elevated by applying soft templates featuring
shorter PEQ blocks, which extend the regime of wall size tuning under preservation of pore dimension and shape. Overall, these
insights provide a guideline on how to tailor the pore size, wall thickness, and pore connectivity of mesoporous metal oxides and
enable systematic studies concerning the optimum porosity, e.g, for electrocatalytic applications to maximize stability and activity.

= soft
% templating

B INTRODUCTION

Ordered mesoporous powders and thin films have attracted
great attention in the past 30 years. As model materials with a
uniform structure, they helped to understand and advance
characterization methods such as gas physisurpﬁnu,i_ " mercury
intrusion Pﬂrﬂsjﬂlﬂtl'}’,a and ellipsometric pnmsimetry,g’m
which mow enable a reliable and standardized analysis of
materials with a disordered pore space. Thus, a systematic
synthesis of well-ordered structures iz required to expand
routine techniques for pore analysis. In application, mesoporous
materials take advantage of their high surface (or interface) area
and la.r%e gnre volume, boosting the 31::::;1'1%|11'r:|1a1:1-:ve of
catalysts, 1= aisnr‘tgeuts,m gas 5?]1501'5,1"’1 cnatings,m and
energy materials.™ ~~ Hereby, it is important to mention that
macroscopic properties like conductivity, catalytic activity,
capacitance, and both thermal and mass transport show a
dependency on mesoscopic parameters, namely, pore sj:ae,m_lg
wall thickness,™ and pore connectivity.*>*'~% Consequently,
dedicated preparation protocols and coser insights into the

© 2025 The Authors. Published by
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templating behavior are required to (1) investigate porosity—
property relationships systematically and (2) generate an
optimized pore morphology for a desired property precisely
and deliberately.

Tuning of the mesopore size is often achieved by adjusti.ug
synthesis temperatu:e;"’“_g"s varying the amount™**” and kind®
of acid used as a sol-gel catalyst, and using additives'®* or
swelling ag@ntsa‘t"‘w_'” within the soft templating process. Such
modifications in the synthesis protocol, however, might result in
the alteration of the final skeleton material as well, e.g., its
crystallite size.? To keep the skeleton material ideally
untouched and to vary only the pore morphology, tuning the
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Figure 1. Schematic illustration of the EISA and EIAA mechanism for preparing mesoporous materials. In the case of EISA occurring for silica
templated with PEO-b-PHA, the question arises how the experimental parameters (template composition and amount) are quantitatively related to

structural parameters of the final mesoporous oxide.

soft template appears to be a viable option. Especially, if block
copolymers are applied as structure-directing agents, variation of
the block lengths represents, at first glance, a straightforward
approach to adjust the pore size without changing the chemical
natire of the components in the synthesis. Concerning the pore
size regime, a range of 30—70 nm is of particular interest, still
providing a high surface area but avoiding possible diffusion
limitations of small pore networks***% Hera, diblock copoly-
mers of poly{ ethylene oxide) and poly(hexyl acrylate) (PEO-b-
PHA) appear especially suitable and superior due to their facile
S}"Dﬂl@ngﬁ“ﬁ and the ability to introduce large mesopores of
around 50 nm in diameter.***** Although PEO-b-PHA has
already been used for soft templating, a precise relationship
between PEC and PHA block lengths and the resulting
mesopore size would further spur this field. Similarly, the
quiestion arises, which pore size region can be covered with this
polymer class at all.

Besides the pore size, the pore wall thickness features a further
major porosity parameter, e.g., by restricting crystallite growth
within the pore wall. Tailoring the pore wall thickness is
accomplished in most cases E‘z changing the ratio between
pracursor and soft template.'**"~>" This modification is only
possible if soft templating follows an evaporation-induced self-
assembly (EISA)*** mechanism: As shown in Figure 1, the
amphiphilic soft template forms micelles, which arrange
themselves in a closely packed pattern during the proceeding
solvent evaporation. In the space between the micelles, the
(matal oxide) precursor condenses to a gel. A calcination step
decomposes the template and converts the micelle pattern to an
array of mesopores. If the soft template micelles are evenly
dispersed within the matrix of the condensed precursor, the
precursor-to-template ratio governs the micelle-to-micelle and
thus the pore-to-pore distance, ie., the pore wall thickness (as
long as no phase separation occurs, i.e, precipitation of the

template). Contrarily, following an evaporation-induced
aggregating assembly (EIAA)** mechanism, micelles and
precursors assemble in dispersion (Figure 1) and hence do
not allow a wall size tuning by varying the template amount.
While Stefik and co-workers reported an independent adjust-
ment of pore and wall size for soft templating of Nb,O, with
PEO-b-PHA,*"**"wa observed an increase in pore size in silica
following an EISA approach upon increasing the template
amount.” Shao et al. observed a similar trend with Pluronic
polymer P123 used for soft templating of titaninm dioxide.**
Also, studies on poly(isoprene)-block-poly(ethylene oxide)
confirm an influence of the metal precursor amount on the
local PEO environment, yielding different mesopore sizes and
morphologies. ™ *" This apparent contradiction demonstrates
that the influence of the template-to-precursor ratio is complex
and evokes the question of how the soft template amount affects
the pore space, ie., pore size, wall size, and pore connectivity,
over a broad range for a given block copolymer (BCF). Indeed,
micelle kinetics and the solvent used to disperse them play an
important role, as equilibration of micelles by polymer chain
exchange depends on the block lmgli:r“ N and the interaction
parametar™® y batween the solvent and the solvophobic block in
the micelle core. Thus, depending on the y N barrier for chain
exchange (being very low in case of Pluronic P123 and very high
for PEO-b-PHA, for instance, when presuming a hydrophilic
solvent), BCP micelles can equilibrate according to their
environment (dynamic micelles) or are kinetically trapped
(persistent micelles).***' Using the lattar in soft templating, tha
pore size is expected to be locked to a constant value, whereas
solvents enabling chain exchange (dynamic micelles} or even full
micelle-core/solvent interactions (templating by BCP coassem-
bly) might lead to fluctuating average pore sizes different from
the value obtained by persistent micelle templating.™ With
dynamic micelles as a soft template, the micelle and thus pore
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size deviate in both directions (up to 10—20% smaller or larger
compared to the persistent micelle case'w""’sc"d“"}, which e.g.,
depends on the thermodynamic equilibrium size for a given
(solvent) composition and temperatura.™*~ ™" If this thermody-
namic situation changes (oris changed intentionally) during the
soft templating process, then a dynamic micelle will adjust its
siza accordingly (as long as chain exchange is sufficiently fast). In
contrast, a persistent micelle maintains a constant aggregation
number.

Besides the micelle kinetics, also the polymer block
constituting the micelle corona can affect the pore size: If
solvation is not sufficient to fully embed the solvephilic block as
a single chain inside the pore wall phase or the micelle core is
enlarged featuring a larger core surface area, which needs to be
stabilized, a fraction of the corona block will collapse on the
micelle core leading to an increase in mesopore size. "

In this study, we thus tackle the role of (1) the block lengths of
PEO-b-PHA copolymers and (2) the template amount in soft
templating, Therefore, we prepared a library of 17 different
samples of PEO-b-PHA comprising four different PEO block
lengths and different PHA block lenghts, and employed them in
the soft templating of silica. Characterizing the mesoporous
powders by electron microscopy, nitrogen physisorption, and
small-angle X-ray scattering (SAXS), we derive a quantitative
relation between the individual block lengths and the pore size
and reveal which of the synthesized PEO-b-PHA polymers can
be used for generating spherical mesopores, and which pore size
regime can be covered. This empirical relationship is then
discussed in terms of fundamental principles of polymer physics.
Soft templating with different amounts of PEQ-b-PHA reveals
the interplay of the micelle-to-micelle distance and the resulting
pore size, wall thickness, and especially pore connectivity. The
latter parameter was assessed by physisorption and especially by
in order to unravel dependency on the PEQ block length. In
particular, this study intended to clarify to which extend the PEO
block is a contributor to the micropore volume and possibly to
the spherical mesopores and their size. Considering the
similarity between soft-templated silica and zirconia in our
previous study,"'s the trends observed here likely can be
generalized to other metal oxides and soft templates (as long
as synthesis adjustments and precursor changes do not
significantly hamper micellization), providing important guide-
lines for all kinds of systematic studies on porosity—property
relationships and for the rational synthesis of adesired mesopore
structure.

B EXPERIMENTAL SECTION

Synthesis of the Macroinitiator PEO—Br. All block copolymers
used throughout this work are based on four homopolymers of &-
methyl-e-hydroxy polyiethylene oxide) (PEO—OH) with an average
molecular weight of 2 ks, 5 kD'a, 10 kDa, and 20 kDa, respectively, as
provided by the supplier Sigma-Aldrich. A 'y NME. end group analysis
gave a number-a molecular weight (M,) of the PFEO—OH
samples of 2.1 kDa (47 EO units), 6.0 kDa (137 EOQ units), 11.0 kDa
(251 EQ units), and 19.4 kDa (441 EQ units), respectively.

Conversion of the PEO—OH homopolymers to the macroinitiators
PEQO—Fr followed a Steglich esterification based on Lokupitiya et al.*®
and reported in detail in our previous Emd?."ﬁ Briefly described, 1.0
equiv of PEQ—OH (Sigma-Aldrich ) was dissolved in a Schlenk round-
bottom flask in anhydrous dichloromethane (DCM, 99.8%, Acros
Organics) under argon by stirring at room temperature. Next, 1.2 equiv
of 2-bromopropionic acid (99%, Acros Organics) were added with a

inge, followed by the addition of 0.4 equiv 4-dimethylami idi
:DMAP, >99%, Sigma-Aldrich) and 2.3 equiv of NN'-dicyclohex-

78

ylearbodiimide (DCC, 999%, Sigma-Aldrich) during cooling with an ice
bath. The turbid reaction mixtore was stired under am argon
atmosphere at room temperature for 20 h. After excess DCC was
quenched with 1 M hydrochloric acid (Grussing GmbH), the
suspension was diluted with DCM and filtered over a paper filter.
The dlear filtrate was concentrated under reduced pressure, and the
resulting colorless residue was dissolved in tetrahydrofuran (THEF,
technical grade, Thermo Scientific, purified over basic aluminum cxide
to remove peroxides). Precipitating twice in a 10-fold volume of cold
diethyl ether (being cooled with an ice bath) and drying in a vacuum
oven at 40 *C for 1 day delivered a colorless powder with a yield of 81%
{20 kDa), 91% (10 kDa), 78% (5 kDa), and 299% (2 kDa).

In addition, a second PEQO—OH sample (20 kDa according to Sigma-
Aldrich, 16.4kDa and 372 EO units according to NMR) was converted
to PEO—Br with a yield of 88% as a reference for gel permeation
chromatography (GPC) and dynamic light scattering (DLS) studies
(see below).

Synthesis of the PEO-b-PHA Copolymers. The PEO-b-FHA
block copolymers were synthesized by a supplemental activator
reducing agent atom transfer radical polymerization (SARA ATRP),
as recently described.*® A copper wire being activated in a mixture of
methanol and concentrated hydrochloric acid™*™ and wrapped around
a stirring bar served as a reducing agent. In a typical reaction, 1.0 equiv
of PEO—Br and 3.0 equiv of tris(2-pyridylmethyljamine (TPMA,
>88.0%, TCI CO.) were dissalved in anhydrous N,N-dimethylforma-
mide (DMF, 99.8%, Acros Organics) by stirring at 40 °C in a Schlenk
round-bottom flask in an inert atmosphere. After adding 1.5 equiv of
CuBr; (>99%, water-free, Acros Organics) under flowing argon, a
freeze—pump—thaw cycle was carried out before injecting respective
amounts (typically 10% more than the targeted degree of polymer-
ization) of hexyl acrylate (98%, Sigma-Aldrich, purified from inhibitors
by passing over basic aluminum oxide) into the solution. Following two
further freeze—pump—thaw cycles, the copper-coated stirring bar was
introduced under lowing argon, and the green solution wasstirred at 70
°C under an argon atmosphere for 18 h. The obtained orange gel was
diluted with THE and passed over a column of basic aluminum oxide.
After removing the solvent with a rotary evaporator, the clear gel was
dissolved in THF and precipitated in a 10-fold volume of cold methanol
{cooled with an ethyl acetate/liquid nitrogen freezing mixture} twice.
The colorless to yellow residue was transferred to a Petri dish and dried
in a vacuum oven at 40 "C overnight. In the case of PEOy;-Br-based
copolymers, the precipitate was recovered by centrifugation at 5000
rpm for § min instead of filtration over a Biichner funnel. On average,
around 0% of the expected mass (sum of macroinitiator and
monomer) was obtained in the form of a colorless to yellow gel. All
batches, including the amount of chemicals each, are listed in Table 51,
while characterization by NME and GPC is given in the Supporting
Information.

Synthesis of Mesoporous 5i0, Powders. Mesoporous Si0,
powders were prepared by soft templating in analogy to our past
article * In this sol—gel synthesis, relying on the studies of Weller et
al™ and Cop et al,”™ the corresponding amount of soft temP]are _'gasee
Table §2)}—namely, PEO-b-PHA or PIB,-b-FEO , (BASF) TT5—T8__
was dissolved by ultrasonication at 37 kHz and 40 °C in 1 mL of
absolute ethanol (99.8%, Fisher Chemical) within 40 min. Meanwhile,
130 uL of tetrasthyl orthosilicate (TEOS, 98%, Sigma-Aldrich) was
dissolved in 0.5 mL absolute ethanol by stirring at room temperature in
a 5 mL PTEE cup. Both the clear polymer solution and 40 uL of
deionired water were added to the metal oxide precursor. After 5 min of
stirring, 10 yL of a concentrated hydrochloric acid (37 wt %) were
added prior to stiring for 1 h at room temperature. The dear solution
was keptat 40 °C under a glass dome for 2 days, followed by a second
drying step in a vacuum oven at 40 °C for 1 day. The colodess gel was
calcined at 350 °C for 1h to remove the soft template, and at 500 °C for
4 h to obtain the final metal oxide (heating ramp each: 2 K min™,
resulting in circa 35 mg of a colorless powder after grinding in an agate
mortar.

Characterization Technigues. Proton-nuclear magnetic reso-
nance ("HMNMR) spectrawere acquired in CDCly at 25 °C with Bruker
AVANCE II 400 MHz and Bruker AVANCE III 400 MHz HD as well

hitpsyffdiorg/1 001021 s langmuir 5002750
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as a Bruker Ascend AVANCE 4 Neo 7 700 MHz spectrometer and
evaluated with MestReNova 14.1.2. All signals were referenced to the
solvent signal at & = 7.26 ppm. GPC with simultaneous UV (TSP UV
1000} and differential refractive index (Shodex RI-101) detection was
executed at room temperature using tetrahydrofuran as an eluent at a
flow rate of 0.5 mL min~". The stationary phase consisted of a 300 mm
® 8 mm PSS SDV linear M column packed with 3 ym particles
(molecularweightrange of 13 10%to 13 10% Da). Priorto the injection
of a 100 uL sample solution containing around 0.15 wt % polymeric
sample, it was filtered through 0.45 um filters. Poly{ styrene) standards
(P55, Mainz, Germany) were used for calibration. DLS experiments
were performed on a Zetasizer Nano series instrument from Malvem.
For each measurement, sample solutions with around 1 mg mL™*
polymer in ethanol and methanol, respectively, were characterized in
three runs of 13 cycles. The data were exported using the corresponding
application, Zetasizer Software.

Mitrogen physisorption experiments were carried out at 77 K on a
Cuadrasorb evo instrument (Quantachrome Instruments, Boynton
Beach, FL) after sample degassingat 200 °C for 6 h in order to remaove
attached water and gases. The data obtained were analyzed with the aid
of the software ASiQwin by applying a nonlocal density functional
theory (NLDFT) method dedicated to nitrogen at 77 K on siliceous/
oxidic materials, assuming a cylindrical pore geometry. The pore size
distribution was obtained from the adsorption branch by applying a
dedicated metastable adsorption branch kernel, which correctly takes
into al.ocau.ut the delay in pore condensation due to the metastable pore
fuid.

Scanning electron microscopy (SEM) images were obtained with a
Zeiss GeminiSEM 560 microscope using an InLens detector, a working
distance of 2.5 mm, and an acceleration voltage of 1 kV. To enhance the
conductivity, samples were sputtered with platinum using a Leica EM
ACE&00 sputter coater. All images were evaluated with Fiji Image]
software.

SAXS measurements were carried out by the laboratory SAXS
instrament 3AXSpoint 2.0 by Anton Paarusing point-focused (spot size
of 500 gm ) and slit-collimated Cu Ke radiation (4 = 0.1541 nm) from a
microsource operating at 50 W and a Dectris EIGER2 B 1 M hybrid
pixel area X-ray detector. Powder samples were placed into an Anton
Paar solid sample holder comprising a 1 mm thick metal plate with 20
square holes mounted on a motorized X,/ Y-stage. The sample plate was
sealed at both sides with a vacuum-tight sealing tape. SAXS images of
the samples and the background (sealing tapes) were recorded in
vacunm {around 1 mbar and 25 °C) ata sample-to-de tector distance of
575.65 mm. For each sample and background, respectively, 15 single
images with 2 min exposure time each were recorded, averaged, and
radially integrated in order to obtain the 1D-5AXS curves. The
scattering curves were fitted using SASfit 0.94.11 with a model
consisting of a form factor for spheres with a Gaussian size distribution
and a lattice factor applying the implemented decoupling approx-
imation.

Scanning transmission electron microscopy (STEM )-based tomog-
raphy was executed with a Themmofisher Scientific Themis 300
transmission electron microscope equipped with probe aberration
correction and operated at an acceleration voltage of 300 kV. The silica
powder (around 10 mg) was ground, suspended in ethanol, and
dropped on a 100 ¥ 400 mesh carbon-coated copper grid purchased
from Quantifoil Micro Tools GmbH. Gold nanoparticles {a‘bq, =12
nm) were deposited onto the sample as fiducial markers for image
alignment. The grid was cleaned twice for 30 s using a Fischione 1070
plasma cleaner in an argon—oxygen atmosphere with a power of 50%. A
high-angle annular dark-field (HAADF)-STEM tilt series was acquired
ower a tilt range of —727 to 70 (step size: 2%) and with a pixel size of
0.81 nm using the Xplore3D) software (Thermofisher Scientific) with
auto focus and tracking before acquisition. A small convergence angle af
roughly & 5 mrad was used to increase the depth of focus, With the aid
of the gold nanoparticles, image alignment was done in IMOD Version
4.11.7 {University of Coloradao) with a residual alignmenterror of 0.608
nm {0.374 px). The 3D reconstruction (with a voxel size of (1.62 nm)?)
was obtained from the aligned tilt series with the simultaneous iterative
reconstruction technigque and 100 iterations in Inspect 3D 4.4

306051

(Thermofisher Scientific). Denoising with a median filter in Image]
and binarization by global thresholding in Avizo 2021.1 {Thermofisher
Scientific) of the tomograms yielded an initisl segmentation. The
segmented volume was purified by the removal of unconnected islands
smaller than 15 woxels, which originate from reconstruction artifacts.
Skeletonization of a cropped region of the image stack was executed, as
reported by Cheng et al™ using ToollP with MAVIkt 2024
{Fraunhofer ITWM) in order to elucidate the local pore connectivity.
Pore and wall size distributions were obtained with a local thickness
evaluation using the comresponding plugin in Image] after subtracting
the background with a Python code applyiugaam]]iug ball radins of 30
pixels (48.6 nm) as recently described by us. " While the experimental
values of tilt range, unbinned pixel size, residual alignment error, voxel
size of the 3D reconstruction, and the rolling ball radius given here
correspond to the 85 vol % sample, the experimental details of the
remaining samples (69 and 75 vol %) are listed in Table 53
Thermogravimetric studies coupled with mass spectrometry (TG-
MS) were carried out in synthetic air using a STA40PC thermoscale
provided by Netesch within a temperature range from 30 to 1000 °C
with a heating ramp of 2 K min~" and the heating ramp used for the
silica synthesis, respectively. Meanwhile, a mass spectrum covering an
m/z interval between 12 and 100 was recorded constantly with the aid
of a QMG451 quadrupole mass spectrometer by Balzers.

B RESULTS AND DISCUSSION

PEQ-b-PHA Block Copolymers. The synthesis of PEO-b-
PHA block copolymers featuring a hydrophilic poly(ethylene
oxide) and a hydrophobic poly(hexyl acrylate) block follows a
two-step protocol described in our last artide and summarized in
Scheme 51: Steglich esterification yields the PEQ—Br macro-
initiator, to which the PHA block is attached by supplemental
activator reducing agent atom transfer radical polymerization
(SARA ATRP).* Studying the influence of both the PEO and
the PHA blodk lengths on the pore size after soft templating
requires a systematic matrix of block copolymers with tailored
block lengths. Thus, four different PEO—Br macroinitiators
were prepared starting from PEC homopolymers with average
molecular weights of 20, 10, §, and 2 kDa (as reported by the
supplier). According to NMP. end group analysis, the degree of
polymerization of the macroinitiators amounts to 441, 251, 137,
and 47 EO units, respactively (see 'H NMR spectra in Figires
51 and 52). From these PEQ,—Br macroinitiators, 18 different
PEO,-b-PHA, samples were prepared. According to NMR
(Figures 51 and 52), the degrees of polymerization n and m of
the PEC and PHA block, respectively, are obtained as plotted in
Figure 2 and Table 54.

The PECQ-b-PHA samples possess a polydispersity index of
around 1.4 (Table 54, similar to the copolymers in our previous
study.*® In general, the GPC curves (Figure 53A) are
consecutively shifted to smaller elution volumes with increasing
NMEB.-based PHA blodk length, as expected from the increasing
molecular weight and thus polymer size. The only exception is
sample PECyy;-b-PHAzy showing an almost identical GPC
trace as polymer PEOyy-b-PHA;y,; but, in addition, a higher
amount of residual PEO homopolymer (shoulder at high elution
volumes)."! As a result, both the GPC-based average molecular
weight and especially the NMR.-based PHA block length are
underestimated because both methods rely on the average over
the entire sample. Hence, sample PEO,-b-PHA,;, was
excluded from quantitative studies on the dependency of the
pore size on the block lengths and only used for concentration-
dependent investigations, in which the relative pore size
evolution is of importance. Due to calibration to poly(styrene)
(PS), GPC is not capable of providing absolute weight
distributions. However, a plot of the apparent number-weighted
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Figure 2. Library of PEQ-b-PHA copolymers synthesized from PEO—
Br macroinitiators with a PEQ block length of 441 (black), 251 (red),
137 (green), and 47 EO units (blue). Sample PEQ,,,-b-PHA 7y (open
symbol) was neglected for pore size evaluation due to the high

polydispersity.

molecular weight from GPC against the NMR-based degree of
polymarization of the PHA blodk still yields a linear trend.
Indeed, the plots in Figure S3B confirm that all samples follow
such alinear behavior with a slepe of around 100 Da. Taking the
molar mass of the repeating unit in the PHA block of 156 Da into
account, we find that the order of magnitude is reasonable. Both
the linear trend and the reasonable slope thus support that the
block lengths from NME (Figure 2) are reliable.

The soft templating process is based on the ability of PEO-b-
PHA to self-assemble into spherical micelles, being converted to
spherical mesopores upon calcination. In this regard, the size of
the block copolymers in solution governs the pore size and is of
particular relevance. However, our previous DLS :a»!:q.ntif“’5
showed that PEC-b-PHA does not form micelles in ethanol—
the solvent used for soft templating—but dissolves as Gaussian
coils. Yet, such a study using DLS (Figure 3A) is valuable to back
up the block lengths obtained from NMR, as the coil size should

depend on the length of both blocks. The reason why PEO-b-
PHA still forms micelles upon solvent e*l.rnpu:nr.ll])l:mf"E in the soft
templating of silica can be rationalized by the solubility of the
respective polymer blocks estimated by the Hildebrand
solubility parameters £.°*~** During the evaporation of ethanol
(8 = 26.2 \/MPa), the reaction mixture is enriched with the
silica precursor TEOS (5 = 146 +/MPa, calculated with an
enthalpy of vaporization of 50 k] mol™') leading to a decrease in
& of the solution and approaching the solubility of the
hydrophobic PHA block (5 = 166 y/MPa) and thus the
micellization regime.* Following the DLS study in our previous
work, micellization occurs, starting from a TEOS fraction of 80
vol %, which equals a = 169 /MPa (upon volumetric
averaging), being close to the PHA solubility. Regarding the
solubility of the PEO block ( = 203 4/MPa),*® PEO-b-PHA
might possibly even form inverse micelles in the highly TEOQS-
enriched low-& regime, being close to PHA but far away from the
PEO solubility. This scenario, however, is unlikely because the
(partial) hydrolysis of TEOS already occurs due to environ-
mental humidity (to a small extent) and particularly during the
synthesis due to the added water, which elevates the actual
solubility parameter of the silica precursor. Also, it should be
noted that the added amounts of water and hydrochloric acid
further increase § of the sol-gel mixture (away fom the
dynamic micelle ragime ), buta meaningful estimation is difficult
duie to the unknown amount of water removed by coevaporation
with ethanol, hydrolysis of TECQS, and absorption through the
silica gel."*® Therefore, a clear statement of whether the micelles
are persistent or dynamic is impossible for our synthesis. Yet, the
extreme case of polymer coassembly (bulk behavior with the
least solvent selactivity)*>®® can be excludad since micellization
in (TEQS-enriched) solution within an EISA mechanism was
identified (prior to gelation) by cryo-electron microscopy and
SAXS in solution in our previous study.*" In contrast to ethanol,
PEO-b-PHA showed micellization in methanol”*" giving
access to evaluate the micelle size in dependency on the PEO
and PHA blodk length (Figura 3B).

The DLS data of the polymers dissolved in ethanol ( Figures
54 and 55) dearly show an increase in hydrodynamic diameter
with increasing PHA block length, but also with increasing PEC
block length. This observation becomes more apparent in a plot
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Figure 4. SEM images of mesoporous silica prepared with 57 val % PEO,-b-PHA,, with a PEO block length of » = 441 (black), 251 (red), 137 (green),
and 47 (blue), while the PHA block length m increases from the bottom to the top for each PEO block length. The mesopores are spherical in shape, as

confirmed by SAXS and electron tomography.

of the average hydrodynamic diameter against the PHA block
length m. In the case of all PEO block lengths, Figure 3A reveals
a degressive increase of the coil size with increasing PHA block
length following roughly an m®®” dependency. Despite the
uncertainties of these measurements (ca. + 1 nm) and the
pronounced scattering of the data pointsin the case oflarge PEO
blocks, the exponent in the power law (0.67) is close to Flory’s
exponent of 0.6 observed for dissolved PEO by DLS"” and hints
at a coiled state. Furthermore, the increase of the hydrodynamic
diameter with increasing PEO block length can be clearly
envisioned in Figure 3A, yielding a gradual shift of the fit curves
toward higher diameters. So, the observed trends for the PEO
and PHA block length variation further support the NMR-based
degrees of polymerization.

Going to methanol, the entities observed by DLS are
significantly larger than those in ethanol (Figures $4 and S5),
except for the homopolymers (m = 0), whose hydrodynamic
diameter remains the same as in ethanol. This observation
confirms the self-assembly of PEQ-b-PHA copolymers in
methanol. Regarding a quantitative evaluation, an accurate
scaling law is difficult to derive, as the data points are severely
scattered (Figure 3B). However, the hydrodynamic diameter
appears to scale linearly with the PHA block length (m"), which
is reasonable for micelles” %% although the exact exponent
depends on the extent of segregation of both blocks.™
Especially, if those blodk copolymer molecules are neglected
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that form vesicles instead of micelles (open symbols in Figure
3B) according to soft templating (see SEM evaluation below), a
linear trend becomes obvious with a slope of roughly 20 nm per
100 HA units. A comparable slope (circa 25 nm per 100 S units)
is found if the DLS-based diameter of PEO-b-PS micelles is
plotted against the PS block length,” which strengthens the
trend observed here. On the other hand, the influence of the
PEO block length on the hydrodynamic diameter becomes less
apparent, although the PEO corona is ugected to have a strong
contribution to the micelle size as well.”" If sample PEQ;s;-b-
PHA,, is regarded as an outlier (e.g,, if the observed entityis a
vesicle), a size difference between PEOgyy-b-PHA,, and PEO,5;-
b-PHA,, samples can be observed, although it is rather small.
However, the degree of polymerization influences not only the
micelle size but also the aggregation number,”™ ie., the
number of chains building the micelle. Thus, a possible change
of the aggregation number upon varying the block length might
compensate for the different PEO block lengths, annihilating a
PEO dependency. This becomes even more complicated since
the existence of a micelle equilibrium state (which can be
achieved by chain exchange of dynamic micelles or promoted by
sonication as performed here) or a kinetic trapping of the
micelles (persistent micelles) here remains unclear from DLS
alone as the presence of single chains in solution (hinting at
dynamic micelles) might be overshadowed by thelarger micelles
possessing a higher scattering intensity than the smaller

hitps/doiorg/10.1021/acs ngmuir.5c02750
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unimers. %A 154% pudthermore, the high semsitivity of
micellization and micelle size to solvent and cosolvent effects,
in'which trace water,/solvents in the polymer samples might alter
the polarity of the medium, can cause a certain variation of the
micelle size.™® A deeper evaluation requires scattering experi-
ments, but iz not the focus of this work. Moreover, the DLS
study still suggests that the micelle size can be tailored
continuously over a broad range by adjusting (particularly)
the PHA block length. Hence, the polymer library preparad here
represents a suitable basis for a soft templating study.

Influence of the Block Lengths on the Pore Size. To
understand the individual impact of the PEO and PHA block
length on the pore size, the presented block copolymers were
applied for soft temglaﬁ.ug of silica according to a protocol we
previously reported *® Although direct micellization talkes place
in mathanol (Figure 3B}, we kept using ethanol as the solvent for
soft templating here due to the higher solubility of PEO-b-PHA
copolymers in ethanol compared to methanol to aveid solubility
limitations upon solvent evaporation (especially during the
concentration series in the next section). The benefit of
mesoporous silica as a model material lies in a facile synthesis
resulting in an almost ideal replica of the lyotropic phase.”* " In
addition, we already characterized the pore structure of PEQ-b-
PHA -derived mesoporous silica in deq:lth'w simplifying the pore
size evaluation here. Using the block copolymers in Figure 1 as
soft templates in a sol—gel-based synthesis, the respective
mesoporous silica powders in Figure 4 are obtained.

From SEM, it becomes obwvious that not all PEO-A-PHA
samples are able to produce mesoporous silica with spherical
pore geometry. In fair alignment with our last study* and the
concept of packing parametar,”®*® a suffi cientlylarge PEO block
is necessary to ensure a stable spherical micelle. With decreasing
PEQ blodk length, ie., increasing volume fraction of the PHA
core, lamellae are preferred over spheres, leading to a vesicular
structure. Purther decrease in the PEO wolume fraction
theoratically results in the formation of an imverse micella,
which is, however, not stable in the hydrophilic medium of this
sol—gel reaction. Consequently, a transition from micelles to
vesicles occurs in PEOQ,-b-PHA, with m > 100, yielding
macropores with nanoparticles in their center (from encapsulat-
ing hydrophilic precursor solution in the vesicla), while in the
boundary case PEOgyr-b-PHAys: almost no pores are found
(Figure 4). All remaining silica samples possess an ordered
mesoporous structure with spherical pores, which hints at the
micellization of the underlying amphiphilic BCP templates.
Silica templated with PEO,b-PHA o represents rather a
border case: Although several small mesopores are visible in the
SEM image, their namber appears to be rather small. Also, the
nitrogen physisorption isotherm of this sample (Figure S6)
reveals a majorly microporous sample. Both methods evole the
hypothesis that this BCP is at the bordedine of forming stable
micelles. Overall, we find that nitrogen physisorption confirms
the observation from SEM, as mesoporous samples templated
with micelles can be easily distinguished from those in which
vesicles were present during the soft template process. The
physisorption isotherms in Figure 36, which correspond to
mesoporous samples (soft templates with high PEO volume
fraction), possess a plateau at high relative pressures, whereas
the macroporous samples (soft templates with low PEO volume
fraction expected to form vesicles) do not reach such a plateau.
This becomes particularly apparent in the desorption branch at
high relative pressures. SAXS of the silica samples provides
analogous results {Figure 58), yielding a SAXS curve with form
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factor oscillations in the case of mesoporous samples, a SAXS
curve with a slow decay in the case of macroporous ones, and a
SAXS curve with a steep decay in the case of nonporous ones.

Regarding quantitative pore size evaluation, all samplas wera
characterized by SEM, nitrogen physisorption, and SAXS. In this
regard, the same approach as in our last sh.td}r46 is used. Briefly
explained, mesopore sizes from SEM were obtained by averaging
2 statistical sample of 50 mesopores. In the case of nitrogen
physisorption, an NLDFT method [N, at 77 K on silica
( cylindrical pores, NLDFT, adsorption branch) of the ASiQwin
software ), assuming cylindrical pore geometry, is applied on the
adsorption branch of the nitrogen isotherms (Figure 56), which
results in the pore size distributions in Figure 57. This NLDFT
method correctly considers the delayed condensation due to the
nudeation barrier of the vapor—liquid transition” but requires a
correction to take the actual pore geometry into account
Multiplication with a geometrical correction factor of 1.35 for
conversion of the cylindrical to a spherical pore gunmetryﬁ
provides the final mode pore size, which proved to be
maanjng:ﬁﬂ.“ This approach is necessary becauss the nitrogen
NLDFT kernel for spherical pores is not programmed yet for
pores larger than 30 nm. SAXS curves were modeled with a
theoretical curve using the Percus—Yevick lattice Factor*®!" 102
and a form factor for polydisperse spheres, giving access to a
mean pore siza. Since all three methods provide comparable
results (see Table 55), the following quantitative relations are
based on SEM-derived pore sizes, as the SEM evaluation is
straightforward, meaningful, and robust for a wide range of pore
diameters. Despite being only a local method, the entire pore
size rogime can be covered, while physisorption and SAXS
become inaccurate for large mesopores. Above a pore diameter
of 40 nm, pore condensation in the isotherm iz very dosely
shifted to a relative pressure of p p5~! = 1, so that the pore siza
distribution of our materials reaches the upper limit of detection
and provides the same value, although the materials are different
in pore size. Similady, the form factor minimum in SAXS
approaches the lower limit of detection of the scattering vector
for pore diameters above 35—40 nm. In combination with the
increasing polydispersity causing less pronounced form factor
oscillation, an accurate pore size determination becomes
challenging.

From a qualitative point of view, an increase in mesopore
diametar with increasing PHA block length is clearly visible by
SEM (Figure 4), physisorption (Figure 57), and SAXS (PFigure
58) analysis, while the PEO block length appears to have only a
minor influence. A quantitative consideration confirms this
observation. As shown in Figure 5, a plot of the mesopore
diameter against the PHA block length yields a common linear
relation for all PEQ block lengths. The pore diameter follows, in
good agreement, the trend observed for the micelle size (Figure
1B), although being less scattered and being only around 30% of
the micelle diameter on average. Within this set of PEO-b-PHA
soft templates, a pore size range of roughly 15 to 40 nm can be
covered, where empirically, the pore size d], depends linearly on
the PHA blodk length m according to eq 1.

d,(57%) = 0.06 nm'm + 99 nm (1)

Mote that a block length above 500 HA units is challenging to
achieve (in particular, for large PEO blocks) due to the high
viscosity of the BCP during polymerization. Although the
synthesis of mesoporous silica here might be accomplished
through dynamic micelle temgplating, the observed relation
shows a good agreement with the pore size evolution as a

hitpsyffdiorg/1 001021 s langmuir 5002750
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Figure 5. SEM-based pore size of mesoporous silica prepared with 57
vol % PEQ,-b-PHA, with a PEQ block length of # = 441 (black), 251
(red), 137 (green), and 47 {blue ) plotted against the PHA block length
from NMR

function of the PHA block length achieved with persistent PEO-
b-PHA micelles by Stefik and co workers (see Figure 59, note
that the kind of metal oxides diffar).” Y@t as presented there, it
is important to mention that the synthesis history (stirring time,
sonication, etc.) can influence the pore size as well, and thus an
assignment of the targeted pore size to the polymer block length
is strictly valid only for one synthesis protocol. Furthermore, it is
waorth mentioning that the pore size is dependent on the applied
BCP concentration,*® which will be discussed below in more
detail.

The absence of a dependency on the PEC block length i 15
surprising if studies on other soft templates like n-alkyl- PEO"!
are considered, in which the PEO block has a similarly large
influence on the pore s me as the hydrophobic block. Assuming a
“three-phase modal”, ***'™ in which a faction of the PEO
hlockmlhpses on the PHA micelle core, as suggested in our last
stud}q a possible explanation can be found: A certain amount
of the PEO block collapses onto the PHA core, while the
remaining fraction is part of the hairy micelle corona penetrating
the silica wall and ending up as a micropore channel. As a result,
excess PEO does not contribute to the mesopore size but to the
micropore volume (see the discussion in the last section)). Thus,
all mesopores experience a constant contribution of the
collapsed PEO of around 10 nm to sach mesopore (offset of
regrassion function in Figure 5), irrespective of the PEO-5-PHA
soft template. Billet et al. observed a similar behavior for titania
soft-templated with block copolymers composed of poly(N,N-
dimethylacrflamide) (PDMA) and PS with two different
PDMA block lengths and a tailored PS block length'™
Independent of the PDMA block length, all copolymer samples
introduced mesopores, whose size depends only on the PS block
length. Regarding the slope stating a pore size increase of 6 nm
per 100 HA units, a comparison with studies on PEO-b-PS of
Zhu et al. is possible. They observed a pore size increase of
around 3 nm per 100 S units in mesoporous hmgstmonde
which is of a similar order of magnitude to our findings, although
the slope most likely depends on the size of the repeating unit
and hence might be a parameter being specific for each polymer
family. 157410515 & divact correlation of the slope with the size
of the repeating unit is difficult, however, due to the unknown
extent of stretching of the PHA chain in the micelle core and the
mesopore shrinkage during calcination. All in all, PEO-B-PHA

demonstrates a clear pore size evolution as a function of PHA
block length, enabling a tailor-made pore size between 15and 40
nm.

Influence of the Template Concentration on the
Porosity. Next to the size of mesopores, the pore wall thickness
features a second important structural parameter of mesoporous
materials. Normally, an adjustment of the template concen-
tration, ie., the ratio of soft template to precursor in the soft
templating process, should enable tuning of the pore wall
thickness. However, while Lokupitiya et al. proposed a
deliberate tailoring of the pore wall thickness upon maintaining
a constant pore size by persistent micelle templating,* our
previous study hinted at a more complex influence of the
template concentration on the porosity.*® To investigate this
topic in more detail, we templated silica in a case study with
PEO 43 -b-PHAm over a broad range of template concentration
(Figure 6). The soft template concentration is given hera as
polymer volume fraction @ (in vol %) describing the ratio of
BCP volume Vycp to total ?olm (polymer volume and silica
volume Vs,), as shown in eq 217

@ = lecr
" Vo + Vo (2)

The volume of silica Vi, is obtained by converting the
amount of precursor to a molar amount of silica under the
assumption of the full conversion of tetraethyl orthosilicate to
silicon dioxide. This assumption seems reasonable since the
theoretical mass of 35 mg silica per batch was obtained
experimentally in most samples. Molar mass and density of
amorphous silica (22 g mL™!) then yield the desired volume.
The volume of PEO-b-PHA Vyp is generated by the division of
applied polymer mass by its density pgcp. The latter is estimated
according to eq 3 by dividing the number-weighted molar mass
from NME M, by the sum of the blocks’ volumes (with the
number of EQ and HA repeating units # and m, their masst_
44 g mol™! and My, = 156 g mol™!, and the density® of the
polymer blocks pppn = 1.13 g mL™! and pgyg, = 1.065 g mL™,
respectively)

Mﬂ
Poce = g, T
e Prma (3)

The polymer volume fraction ¢ according to eq 3 thus
describes the theoretical porosity of the final mesoporous matal
oxide. A comparison with the experimental porosity from
nitrogen physisorption (Figure S10G) shows that this descriptor
iz meaningful, possessing a similar evolution, although a
constant overestimation of about 15% is observed. A reasonable
explanation represents the fact that the BCP most likely is colled
more densely in the micelle state than in the homopolymer.
Consequently, the density should be higher than that in a
homopolymer assumed for calculation in eq 3.

The SEM imapes (Figure 6A) confirm qualitatively the
presence of ordered spherical mesopores over the entire
concentration range, as well as a decreasing pore-to-pore
distance and a pore size increase upon increasing the polymer
volume fraction. Quantitatively, a plot of the pore size against
the applied polymer amount (Figure 6B) reveals a more complex
dependence of the pore size on the polymer volume fraction:
Initially, the pore size remains the same, but when a threshold of
57 wol % is exceeded, the mesopores start to grow steadily. At 85
vol %, the pore size is twice as large as in the initial constant
region.
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Figure 6. (A) SEM images, (B) nitrogen isotherms, and (C}) SAXS curves of mesoporous silica prepared with different a.mn‘untnan]i.Dql-b-FHﬂ.!mJ
as well as (B) the pore size from SEM (black), physisorption {green), and SAXS (red), which depends on the applied polymer amount.

The SAXS curves in Figure 6D underline these results and
show that the form factor minimum at q values of around 0.25
nmi ! (being mostly affectad by the pore size) remains the same
at low polymer volume fractions (30—65 vol %), implying a
constant pore size. Simultaneously, the lattice factor maximum
(0.1-0.2 nm™Y), baing strongly connected to the pore-to-pora
distance, shifts steadily toward higher q values. This trend clearly
demonstrates a decreasing pore-to-pore distance and thus wall
thidmess wpon increasing the soft template concentration and
confirms that the templating procedure here must follow an
EISA mechanism. Otherwise, such a continual pore wall
adjustment would hardly be possible. Above 65 vol %, both
form factor minimum and lattice factor maximum shift
continuously toward lower q values as a result of the increasing

30956
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pore size. Wote that an increasing pore size leads to an increase in
pore-to-pore distance as well if a wall size decrease cannot
compensate for or ocutweigh the pore size increase. On a
quantitative level, the pore size from SAXS (Figure 6B) is in
good agresment with that from SEM, especially considering the
uncertainty of SAXS (mostly affected by the polydispersity of
the pore size) of up to 10 nm and SEM (+5 nm}, which are
omitted in Figure 6B for carity but are given in Figurs S10A.
Nitrogen physisorption of these samples provides insights
into the underlying mechanism causing this complex pore size
evolution. At low polymer volume fractions, isotherms of
apparently nonporous silica are observed. However, both SEM
and SAXS cleady confirm the presence of ordered mesopores in
the first three samples. Only from 57 vol % omward nitrogen
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Figure 7. (A) STEM-based 3D reconstructions of mesoporous silica prepared with 69 vol % (left), 7 5 vol % (middle), and 85 vol % PEQ35-b-PHA
(right) and comesponding distributions of (B) pore size and (C) pore wall thickness from local thickness evaluation as well as () number of adjacent
mesopores a single pore is connected to through a mesopore window. Mean values of each distribution are given, respectively. The (E) local thickness
evaluation as well as the { F) determination of the coordination number are sketched belowr.

isotherms are obtained, exhibiting the expected hysteresis loop.
These results indicate that the silica powders prepared with 30—
50 vol % PEOyy,-b-PHA 7 are mesoporous, but the pores are
not accessible for nitrogen. The polymer concentration at which
the pore system becomes accessible according to physisorption
coincides with the point from which on the pore size starts to
increase (57—65 vol 9%). Together with the findings of our
previous study on PEO collapse,* the following mechanism can
be proposad: At low soft template amounts, the hairy micelles in
the gel are evenly distributed within the inorganic gel but too far
apart to create an interconnected pore network. Upon increasing
the amount of the soft template, the micelles approach each
other until they are sufficiently close so that the PEO chains of
the micelle corona penetrating the inorganic matrix can generate
continuous micropore channels, which ensure an accessible
mesopore space. Further increasing the soft template concen-
tration forces the micellas to interact, leading to a collapse of
PEO onto the PHA core to gradually increasing extents, which
increases the resulting pore size. The PEQ collapse can be
explained either by avoiding entropically disfavored chain
entanglement or by exceeding the solubility limit of PEO in
the space batween two micalles (leading to precipitation of PEO
on the micelle core). Normally, PEO is expected to show
miscibility over a broad (if not even the entire) range of polymer
volume fractions in aqueous media. However, depending on
block length and due to the presence of the inorganic precursor,
a miscibility gap might ba formed here for nanomaterials, "™~ **

In fact, the occurrence of the PEO collapse as a microphase
separation evoles the existence of a miscibility gap for such
nanomaterials, behaving differently than expected from the bullk
phase diagram. Indeed, the different coiling of a BCF, especially
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the PEO block, in dilute sohition compared to a corresponding
lyotropic phase is a well-established concept in polymer
science.”"

At high polymer volume fractions, the nitrogen physisorption
isotherms correspond to an accessible mesopore space, provide
2 meaningful pore dimension (after postcorrection with a
geometrical factor of 1.35) and match the results from SEM
(Figure 6B). The presence of isolated voids at low polymer
volume fractions also explains why no decent hysteresis loop is
observed in mesoporous silica prepared with 57 vol % PEOy,-b-
PHA, 73 and PEO;5;-b-PHA g (Figure 56), as this concentration
marks the borderline of achieving an accessible mesopore
network. Furthermore, the porosity P (i.e., pore volume) linearly
increasing with increasing polymer volume fraction shown in
Figure 510G confirms that the entire soft template is
incorporated in the inorganic matrix (absence of phase
sagrogation) in each sample and thus confirms that the sample
set indeed follows the targeted series of increasing polymer
volume fraction.

This study on the soft template amount used for soft
templating leads to the condusion that taioring the wall size
follows two regimes: (1) at low polymer volume fraction, the
wall size can be tuned while keeping the pore size constant,
whereas (2} at high polymer volume fractions, this simple
“raisin-bread model”, in which the micelles {or mesopores) are
evenly distributed within a given inorganic volume without
being changed (like raisins in a raisin bread), does not hold true
anymore. Instead, the wall thickness cannot be tuned
independently of the pore size. These two regions partly resolve
the initial contradiction between the studies of Stefik and co-
workars¥ %% and our studies,* as the Stefik group worked
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showing (B) the evolution of pore neck size {red and blue) upon increasing pare

number, ie., template amount {bottom to top) and (C) the underlying local thickness evaluation, in which the pore neck size represents the diameter
of the smallest sphere along the pore skeleton (green) just touching the silica phase (solid red circle].

below 60—70 vol % (dnpenﬂmg on the oxide’s crystallinity and
thus density: 1.9—4.3 g mL™! in the case of niobia)**"*" of the
PEO-b-PHA template (see eq 51 in the Supporting Information
for further calculations). In addition, the distinction between
persistent and dynamic micelle templating needs to be
considered. Since we cannot ensure a trapping of the polymer
micelles (ensuring pore size conservation) like in the worls of
Stefik and co-workers, who applied a dedicated solvent mixtura,
a glassy micelle core, or crosslinked micelles to guarantee
kinetic trapping,*#**!'%!% 3 transition from the persistent
micelle regime to the dynamic one, allowing chain exchangs,
might be present here. As a result, a pore size deviation upon
varying the template amount could occur due to a transition
from persistent-to-dynamic micelles, although the extent
(increase by up to 120%) and systematic evolution (no
significant fBuctuation) of pore size change observed here
appears not to be explainable by the presence of dynamic
micelles alone when compared with literature values (see Figure
S11)404750.53 alen, our pravious study*® revealad that the time
period between micelle formation and silica gelation is rather
short in this synthesis (30—60 min). While this time scale might
be sufficient for micelle equilibration by chain exchange in dilute
solution,*’''* the rate of chain exchange will be significantly
lower during the coassembly of micelles within a concentrating
solution in this synthesis, as polymer diffusion and translocation
not only depends on the blodk length'' "™ """ but is also
decelerated in concentrated solutions,"*%'? in -:ouﬁmmnt,m
and with increasing viscosity!'®'?! of the solution. During
gelation of silica, the viscosity of the mixture increases within
minutes l:zl: 3 to 4 orders of magnitude, as shown in our previous
stud}r,“‘ which thus most probably freezes the micelles
shortly after their formation. Although an exchange of polymer
chains still cannot be excluded and the determination of their
rate during soft templating is a matter of future studies, a further
mechanism, such as PEO collapse, appears to underlie the pore
size increase here.

A quantitative consideration of the wall thickness by SAXS is
challenging because overlapping micelles and thus inter-
penetrating spherical mesopores cause apparent pore-to-pore
distances smaller than the mesopore diameter. As a result, the
wall thiclmess determined from the pore-to-pore distance after
subtraction of the pore size underestimates the actual wall
dimension. Tomography based on STEM, however, is a
powerful technigue to not only provide a distribution of the
wall thickness but also enable in-depth analysis of the pore
connectivity. Tomographic reconstruction'>*'** of projection-
angle-dependent STEM images of mesoporous silica prepared
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with different amounts of PEQ;55-b-PHA 7y within our previous
work*® yields a three-dimensional model of the pore system.

Cutouts of these models are shown in Figure 7A for the samples
prepared with 69, 75, and 85 vol %. The models are expected to
be accurate 3D representations of the materials due to the high
tilt range, high contrast between silica and pores, a low residual
alignment error of about 0.5 nm, and optimization of
reconstruction and s ntation based on realistic simulations
of similar systams.'**'*% By that, reliable resultz of nanosized
features can be well resolved with a pixel size of 1.26 nm (69 vol
%) and 1.62 nm (75 and 85 vol %), respactively. Following a
local thickness evaluation (with the corresponding Image]
plugin),** the pore size and wall size can be statistically
evaluated by determining the diameter of the largest sphere at
any point still fitting in one phase without penetrating the other
(see Figure 7E).

The resulting pore size distributions in Figure 7B confirm the
trend observed by SEM for PEO,,-b-PHA,»-derived meso-
porous silica (Figure 6). By increasing the amount of PEOy-b-
PHA, 7 used for soft ternplating, the mesopore size increases as
well. Note that a significant contribution of small mesopores
appears in the pore size distribution resulting from poras located
at the particle surface md be%wrm@y assigned to small pore
diameters by the algorithm.™ Similar to our last study, we
therefore used a Gaussian Enndmn based on the right part ofthe
distribution {correctly assigned large mesopores) for evaluating
the mean pore size (Figure 7B). In addition, the expected
decrease in (local) wall thickness can be seen from the
distribution in Figure 7C. In all three samples, 2 homogeneous
wall thickness can be found, manifesting as a defined
distribution, which steadily shifts to smaller sizes wpon
increasing the template amount. From 69 to 85 wol %, a
thicknass decrease by 50% (from 31 to 16 nm) is observed,
giving access to a tailoring of wall size over a wide range. For
comparison, Sarkar et al. observed a change in wall thickness of
around 40% (12 nm vs. 7 nm) by doubling the mass ratio of
metal oxide to PEC-b-PHA in mesoporous nicbium oxide thin
films (13 nm mesopores),*’ which is of a similar order of
magnitude.

Beyond the pore and wall size, the physisorption study in
Figire 6C hints that the polymer volume fraction has an impact
on the pore connectivity and accessibility as well. Electron
tomography provides the unique possibility to quantify the
connection between the mesopores. Although this technique is
restricted to pores above 2 nm due to the pixel size, ie,
connection through micropores cannot be evaluated, a clear
difference in connection through large pore windows (>2 nm)
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can be seen if comparing mesoporous silica templated with low
and with high soft ternplate amount (Figure 7D). While at 69 vol
%, the majority of mesopores are isolated (coordination number
of zero, see Figure 7F) and the remaining 40% of tha mesopores
are connected to only one or two adjacent mesopores, each
mesopore is connected to four neighbors on average in the case
of 75 and 85 vol %. This more proncuncedpore connectivity
upon increasing the soft template amount is in good agreement
with the physisorption study discussed before. Since a fast
diffusion within the pore system is governed by not only the
number but also especially the the size of connecting pores
(necls), an evaluation of the neck size of the mesoporaes is
equally important. Here, the local thidtness evaluation of the
pore system can be used for determining the botteneck batween
two adjacent pores. More pracisely, the pore neck size rapresents
the smallest local thickness along the pore skelaton connecting
two connected mesopores, as shown by the solid red circles in
Figure sc.™ Following this approach, the pore neck size can be
evaluated statistically, yielding a neck size distribution (Figure
BA).

Increasing the polymer volume fraction from 69 to 75 vol %
not only increases the number of connecting pores but also their
diameter. A reliable mean value cannot be given due to the broad
distribution (the k-gamma function in Figure 8A acts rather as
eye-guidance}, and the number of connecting pores at 69 vol %
is too small for statistical evaluations, but the few existing pore
necks in this sample are still narrower than for silica templated
with higher polymer amounts. Consequently, both a quantita-
tive and a qualitative enhancement in pore connectivity can be
concluded wpon increasing soft template concentration, as
sketched in Figure SB. The comparably large pore neck size,
especially in the case of the 75 wol % and 85 vol % samples,
evolkes an apparent contradiction to the pronounced cavitation
phenomenon in physisorption (see isotherms in our previous
study*® and here in Figure 6 for samples prepared with high
template amounts), which suggests a highly restricted pore
accessibility. This contradiction can be resolved by the
percolation pore model presented in our previous work,*® in
which a single dead-end of the percolation path composed of
well-connected pores renders all pores of this path poorly
accessible for the adsorptive. Taking the 11 mesopores of the
scheme in Figure 7F as an example, the spherical pores
interconnect to three subnetworks (i.e,, percolation paths shown
as green lines). Within these percolation paths, the pores are
well-connected by the large pore nedis observed in Figure 84,
but pore connectivity among individual paths and with the
exterior of the particle is followed by small PEQ-single-chain-
induced micropore channels of 1—2 nm in diameter, restricting
evaporation from the pores and causing the pronounced
cavitation in the adsorption isotherms.*® Thus, the pore neck
size evaluation here is in good alignment with the previously
proposed pore model

Extending the Mesopore Slze Reglme. The concen-
tration study with PEO,,-b-PHA, and PEO;;,-b-PHA,;, as
soft ternplates showed that the amount of BCP in soft templating
influences the pore size, wall thickness, and pore connectivity.
Although the pore size increase at large polymer wvoluma
fractions renders an independent wall size tuning in this regime
impossible, the influence on the pore size offers the opportunity
to reach even larger spherical pores than those conduded from
Figure 5. Therefore, the entire polymer library was used once
more for templating silica, but this time employing 85 vol % of
each soft template. As shown in the SEM images in Figure 512,a

similar pore morphology is obtained as in the case of 57 vol %
template (Figure 4): ordered spherical pores are achisved with
large PEO block lengths (n = 441 and 251) only, while block
copolymars with short PEO and long PHA block led to rather
macro- or nonporous silica. The template PEOpy;-b-PHAq,
represents a special case again featuring some small mesopores
(12 nm in siza) in SEM but overall a low porosity according to
nitrogen physisorption (Figure 513), featuring a mode
mesopore diameter of around 27 nm. As discussed abowva, this
might be due to the fact that this BCP is at the border of forming
stable micelles. Regarding the remaining templates yielding
spherical pores, a high, well-defined porosity is obtained, as
confirmed by the nitrogen physisorption isotherms in Figure
£13. However, in contrast to the samples prepared with 57 vol %,
the pore size is twice as high, demonstrating the pore size
increase to be a general trend of PEO-b-PHA soft templates. As
explained above and shown in Table 55, the pore diameters
determined from SEM, physisorption, and SAXS are in good
alignment for pore sizes below 35 nm, but for larger pores,
physisorption and SAXS become inaccurate. Hence, the SEM-
based pore diameter was used for quantitative interpretations.
Again, a plot of the pore size d; against the PHA block length m
reveals clearly a linear increase with increasing block length
(Figure 9A) following the relation in oq 4

d,(85%) = 0.14 nm'm + 17.3 nm (4)

Indeed, both offset and slope of the linear regression are twice
as large as those in the case of the 57 wol % soft template,
implying a PEQ contribution of 17 nm to the mesopore size and
a pore size increase of 14 nm per 100 HA units added to the PHA
block ofthe soft template. The larger PEO contribution supports
the hypothesis of a PEO collapse upon increasing polymer
concentration suggested before (Figure 6) and will be discussed
in more detail in the next section.

Considering that the pore size obtained with 57 vol % polymer
can be regarded as the “natural” pore size achievable with the
PEO-b-PHA copolymers according to the constant regime (1)
in Pigure 6A, the values resulting from 85 vol % (“expanded”
pore size) represent the maximum pore size a template can
introduce because higher quantities of soft template cannot be
dissolved in the precursor solution. Thus, by adjusting the
template concentration, a pore size tuning from 15 to 80 nm is
possible with the PEC-5-PHA template family in the case of
silica prepared in ethanolic solution. This regime represents the
voliume spanned by the boundary regression planes in the 3D
plot shown in Figure 9B. Based on our last study with
mesoporois zirconiom oxide possessing the same mesopore
size as silica,*® these results might be generalized, stating that
PEO-b-PHA can cover a mesopore size range from 10 to 80 nm,
although soft template amounts have to be given in units of vol %
in order to compare it along different pore skeleton materials.

To ensure that no polymer residues in the mesoporous silica
samples hamper porosity evaluations, a typical (noncalcined)
template/silica hybrid gel (57 vol % PEOgy-b-PHAz;) was
exposed to the heating procedure used to prepare all samples
and studied by thermogravimetric analysis (Figure S16B).
Following the evolution of the mass signals assigned to released
water and carbon dioxide, decomposition of the soft template
starts at 250 °C and is completed at the beginning of the 500 *C
dwell step. The weight loss of 36 wt % during the transformation
of the hybrid material to the final oxide matches well the
axpacted theoretical loss of 39wt % (23.0 mg of polymar vs. 35.2
mg of Si0, assuming full conversion of TEOS). To back up a full
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A (Figure 516A). Since only a mass loss due to the release of
53+ SEM of Si0, (85 vol % template) adsorbed water at 110 °C, but no significant intensity of the COy
mass signal can be observed, 2 complete PEQ-b-PHA

Bl . - decomposition can be concuded.
70 v, Contribution of PEQ to Micro- and Mesoporosity.
E - Based on these insights, we are able to explain and predict the
@ 5 . influence of the PHA and PEO block langths as well as the
'.g 50 . polymer concentration on ﬂ:.iE porosity. In the following, we
5 - address the potential underlying reason suggested to be a PEO
% 404 L collapse , ie. the formation of a layer of poorly solvated PEO
w5 t'.a"- e chains, on the micelle core. As proposed before, the micelle core,
A . FELLPHA baing mmposeq of the PHA block and.m]]api.:@d PEQ on .top, is
04 4 PED,,-bFHA, expected to build the mesopore, while residual PEQ in the
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Figure 9. (A) SEM-based pore size of mesoporous silica prepared using
85 vol % PEO,-b-PHA,, with a PEOQ block length of n = 441 (black), 251
(red), and 137 (green), plotted agninst the PHA block length from
NME. (B) 3D Plot of the mesopore size from SEM against PEC and
PHA block length for samples prepared with 57 (spheres) and 85 vol %
(pyramids) soft template, including a respective fit {gray and blue
plane) spanning the accessible pore size regime.

removal of the soft template, an already calcined mesoporous

sample prepared with high template amounts (85 vol %) as an
extreme case was heated to 1000 °C and gravimetrically studied

micelle corona might penetrate the inorganic wall, forming
micropores. Therefore, the contribution of the micropore and
mesopore volume to the total pore volume appears as a suitable
descriptor to confirm a possible PEO collapse. In detail, the
mesopore fraction @ ., is used for quantification here and
describes the share of the mesopore volume Vyme, from
physisorption with respect to the total pore ‘I"Dltll'l]ﬂ- fsu.m of
mesopore volume and micropore volume ¥, ., ), as described
ineq 5
¥V,

P, meso

E{uan =
H.m.:lo + V {S:I

In the case of ordered mesoporous silica, the cumulative pore
size distribution from physisorption typically possesses a distinct
shapa, as shown in the inset (top right) of Figure 10A. So,
Vomico a0d Ve can be extracted from the respective step
haights. These volumes can be inserted into eq 5, yielding the
relative share ... Applying this procedire to the pore size
distributions shown in Figures 57 and 514, respectively, and
plotting the obtained values against the respactivea PHA block
length leads to Figure 10. Within this templating study, three
parameters were changed: (1) the PHA block length, (2) the
PEO block length, and (3) the BCP concentration. Each ofthem
influences the mesopore fraction @, , as summarized in the
inset of Figure 10B.

1 An increase in PHA block length while keeping the PEO
block length constant is expected to swell the micelle core.

A
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Figure 10. Mesopore fraction as a ratio of mesopare volume to total pore volume (that means the ratio of V,
in the inset) of mesoporous silica prepared with (A) 57 vol % and (B) 85 vol % PE-O.—b—PHA.w:thaPED block length of v = 4-4-1 {blark
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Figure 11 (A) Schematic evolution of pore and wall size with increasing polymer concentration, ie, decreasing micelle-to-micelle distance for two
different PEC block lengths. { B) SEM-based relative pore size (pore size divided by the initial pore size at 30 vol %) versus the polymer concentration
of PEOyy,-b-PHA 7 (black), PEO,;-b-PHAz, (red), and PIB;-b-PEQy; (green) used for soft templating of mesoporous silica.

Thus, the mesopore volume increases, whereas the
micropore volume remains unchanged, leading to an
increase in <P, with increasing block length m, which is
indeed observed for both concentrations and for all PEO
block lengths. This effect is more pronounced in the case
of the 57 vol % soft template (overall increase of ~20%
versus <10% in the case of 85 vol % BCP), which can be
attributed to a secondary effect being superimposed:
Upon increasing the PHA block length, the micelle core
expands, and by that, more PHA is exposed to the surface
of the micelle core (increase in micelle core surface area).
In order to ensure screening ofthe hydrophobic core from
the hydrophilic environment, more PEO collapsas on the
core, and less PEQ will contribute to the micropore
volume, resulting in a further increase of @4, In the case
of 85 vol %, a high amount of PEQ is already collapsed on
the micelle core, and thus additional collapse upon
increasing m does not appear. As a result, this secondary
effect is less pronounced or no longer occurs.

2 Increasing the PEO block length, keeping the PHA block
length constant, should enlarge the micropore voluma,
leaving the mesopore volume untouched. Consequently,
the mesopore fraction @, should be smaller for samples
prepared with a larger PEO block (unless there is no phase
separation because PEQ cannot be solvated fully by the
solvent, precursor). Looking at Figure 10A, this trend is
less apparent due to the data points being more scattered
than for 85 vol %, but regarding the latter in Figure 10B
this effect is slightly recognizable. Although the difference
is rather small, @y, increases along the sequence of
PEQ,b-PHA,,-derived silica of decreasing PEO block
length (from n = 441 to 251 to 137).

3 The last effect revolves around the variation of the
template concentration and, by that, tackles the central
hypothesis of PEO collapse. A collapse of EO units on the

core is expected to cause an increase in mesopore volume
(pore size increases) parallel to a decrease in micropore
volume (fewer EQ units contribute to single-chain
templating). As a result, the mesopore contribution
D e Should increase. Comparing Figure 10A with Bigure
10B, this effect appears to be particularly striking: all
samples templated with an 85 vol % soft template show a
larger @ than all silica samples prepared with a 57 vol
% polymer. On average, @ increases by 20 percentage
points upon increasing the polymer volume fraction from
57 to 85 vol %. Similarly, a continucus increase in @
simultaneous to a starting pore size increase above 60 vol
% is visible in PEO,,;-b-PHA, derived silica in the
systematic concentration row (Figura S10G). These
observations confirm that @, is a suitable descriptor
for investigating the templating behavior and strongly
support the hypothaesis of PEO collapse causing the pore
size increase at high polymer volume fractions.

The hypothesis of a constant amount of collapsed PEO in
order to shield the PHA core from the hydrophilic surroundings
is supported by the constant offsets in Figures 5 and 9 for all
PEO block lengths and the slight PEO block influence on @
(trend (2) in Figure 10B). However, if this hypothesis holds true
and the entire residual PEQ block penetrates the inorganic pore
wall, the polymer volume fraction at which the pore size starts to
increase should depend on the PEO block length. As illustrated
in Figure 114, a higher soft template concentration is required to
initiate a micelle—micelle interaction in the case of a shorter
PEO block than in the case of 2 longer one. While the latter faces
PEO chain entanglement at a lower polymer concentration, a
BCP with a shorter PEQ block still enables a wall size tuning
under preservation of the pore size.

To investigate this postulation, the former concentration
study with PEO,,-b-PHAy, (Figure 6) is extended by a similar
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series with a BCP possessing a shorter PEO block (PEQq5,-b
PHA 35 ) and a template with a very short PEO block (PIBgp-b-
PEQ,;); the latter is preferred over PEO-b-PHA templates with
a PEO blocklength of 137 and 47, as they do not lead to a well-
ordered pattern of spherical mesopores over a broad
concentration range.

Since the three soft templates of this concentration study
induce mesopores of different pore size regimes, a comparison is
only possible after normalization of the average pore size by the
initial one observed at the lowest polymer volume fraction. By
evaluation of the SEM images (Figure 517) of the mesoporous
silica samples templated with PEOg5-b-PHAz and poly-
(isobutylene)-block-poly (ethylene oxide) (PIBg-b-PEO,;) and
respective normalization, the evolution of the relative pore size
along increasing polymer concentration can be compared with
the former concentration study. As shown in Figure 11B, the
transition from regime (1) of constant pore size to the pore size
increase in regime (2) depends on the PEO block length. While
the soft template with long PEC block starts to show a BCP-
concentration-induced pore size increase from 65 vol % onward,
the medium PEC block shifts this behavior to higher polymer
volume fractions (~75 vol %), and with a short PEO block, no
influence of the concentration on the pore size is observed at all.
This study not only confirms the aforementioned hypothesis of a
constant PEQ collapse (already suggested from the constant
offset in Figures 5 and 9) but also implies that the regime of wall
size tuning under pore size conservation can be adjusted by the
choice of the PEO block length. This is an important feature for
studies in which the influence of only the wall size needs to be
investigated. In conclusion, a large PEOQ block is important to
guarantes solubility of the soft template for alarge pore size but
limits the regime of an independent wall size tuning.

B CONCLUSION

In this study, we systematically varied the PEQ and PHA block
lengths and concentration of poly{ethylene oxide)-block-poly-
(hexyl acrylate) (PEO-b-PHA) block copolymers in soft
templating of silica. We found this soft template dass to
produce spherical mesopores in a pore diameter range of 10—80
nm with a change by 6 nm per 100 HA units at low and 14 nm
per 100 HA units at high template concentrations. Applying a
polymer library of 17 copolymers with four different PEO and
tailored PHA block lengths shows a large PEO block to be
necessary to avoid vesicle formation and to ensure ordered
masoporous morphologies. In the latter, the pore wall thickness
scales inversely with the soft template concentration according
to SEM, nitrogen physisorption, SAXS, and electron tomog-
raphy. In addition, the higher the template concentration, the
more enhanceder the pore connectivity and the larger the
mesopores exceeding a certain threshold (of about 60 vol % in
the case ofthe largest PEO block ). This threshold marks the soft
template concentration, below which the wall size can be
tailored undar presarvation of the pore size (Figure 12). Using
three different block copolymers featuring different PEO block
lengths as soft templates, we demonstrate the threshold
concentration shifts to higher values when the PEO blodk is
shorter, which enlarges the concentration range of independent
wall size tuning, A pore volume analysis confirmed that a partial
collapse of the PEC block in the micelle corona onto the PHA
core causes the pore size to increase above the threshold
template concentration. This PEO collapse leading to a loss of

microporosity represents an important effect governing the pore
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Figure 12. Schematic of the observed trends in soft
templating of silica with PEQ-b-PHA temglates, in which the sketched
micelle arrangement is contrasted to exemplary SEM images after
calcination. An increase in PHA block size (top left to top right)
increases the mesopore size, while an increase in template
concentration yields a decrease in pore wall thickness under
conservation of pore size in the case of small PEQ blocks (top left to
bottom left]. If the PEO block is sufficiently large, an increasing
template concentration additionally leads to an increase in pore size due
to the collapse of the PEO block on the PHA core (top left to bottom
right).

siza, which needs to be considered in soft templating with
amphiphilic blodk copolymers.

Upon varying the soft template amount, we identified a pore
volume fraction of 55—60 vol % according to physisorption
( considering micro- and mesopores) and 75 vol % according to
tomography (considering only mesopores) to be necassary to
obtain an accessible and interconnected pore system. Compared
with a cubic dose packing possessing a filled volume of 74%, the
threshold determined by tomography considering only the
spherical mesopores (and no micropores) becomes geometri-
cally reasonable. This pore fraction can be regarded as the
percolation threshold, above which enough pores are
interconnected to form a continuously open pore network and
might be a universal guide for mesoporous materials with
spherical pores in general, in which an accessible pore system is
(un)desired.

The gquantitative pore size relations and the interplay between
soft template concentration and wall thickness, pore size, and
pore connectivity studied hare represent important experimen-
tal guidelines to achieve a targeted porosity deliberately and to
set up systematic studies on porosity—property relationships.
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Scheme 51. Two-step synthesis of PEO-5-PHA block copolymers by a SARA ATRP.

Table S1. Overview on the amounts of macroimitiator (PEO-Br), monomer (hexyl acrylate), ligand

(TPMA). CuBr2, and solvent (DMF) used for the SARA ATEP reactions in this study.

Sample PEO-Br Monomer TPMA CuBr; DMF
PEOun-b-PHAas 2001 mg 830 mL 88 mg 35 mg 6 mL
PEOun-b-PHAx2: 2000 mg 6.60 mL 89 mg 34 mg 6 mL
PEOun-b-PHAw 1999 mg 5.60 mL 89 mg 35mg 6 mL
PEOun-b-PHA172 1999 mg 3.51 mL 88 mg 34 mg 6 mL
PEO:5-b-PHA4q 500 mg 4.35mL 44 mg 17 mg 5mL
PEO:s1-b-PHAan 1000 mg 6.71 mL 88 mg 33 mg & mL
PEO:s1-b-PHA2s 300 mg 241 mL 43 mg 17 mg SmL
PEO:51-b-PHA1L47 5300 mg 1.83ml 44 mg 17 mg SmL
PEO::s1-b-PHAw: 2001 mg 337 mL 175 mg 67 mg 10 mL
PEO1:7-b-PHAs4 300 mg 3.35mL 9 mg 3 mg SmL
PEOmw7-b-PHAs7 300 mg 335mL 17 mg T mg SmL
PEOw:+-b-PHAs 500 mg 5358 mL Tmg Img 5mL
PEOwu:-b-PHAan 5300 mg 5.60 mL 87T mg 33 mg SmL
PEO1:7-b-PHAzza 300 mg 492 ml 87 mg 34 mg SmL
PEOw:+-b-PHAz, 501 mg 3.67mL 88 mg 35mg 5mL
PEO1w37-b-PHAw: 500 mg 173 mL 87mg 34 mg 5mL
PEOu+-b-PHAys5 250 mg 9.67 mL 36mg 14mg 6 mL
PEOuy7-b-PHA 06 1000 mg 7.80 mL 160 mg 63 mg SmL
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Table S2. Amount of each soft template used for preparing mesoporous silica of varying porosity

(polymer volume fraction @ in vol %a).

Soft Template 57 vol %o 85 vol % Soft Template Amount e
PEOyn1-b-PHAa00 23 mg 08 mg PEOun-b-PHA Tmg 30 vol %
PEOy-5-PHAs6 23 mg 08 mg 11 mg 40 vol %
PEOyu-b-PHAqm 23 mg 08 mg 17 mg 30 vol.%
PEQua-b-PHAm 23 mg 09 mg 32 mg 635 vol %o
PEO:51-5-PHA 23 mg 97 mg 41 mg 70 vol %
PEO:zs1-5-PHAam 23 mg 08 mg 69 mg 80 vol %
PEO:zs51-0-PHAns 23 mg 08 mg PEO:zs51-b-PHA:sm 12 mg 40 vol %
PEO:s1-b-PHA 7 23 mg 99 mg 17 mg 50 vol %
PEO;s51-b-PHAg: 24 mg 100 mg 40 mg 70 vol %o
PEOw37-5-PHAsy, 23 mg 97 mg 32 mg 75 vol %
PEOwsr-b-PHAs=17 23mg 87 mg 69 mg 80 vol %o
PEOwa7-b-PHAus 23 mg 07 mg PIBs-b-PEQ,s Tmg 30 vol %
PEOhwa7-b-PHAan 23 mg 98 mg 16 mg 50 vol %
PEOw37-5-PHAus: 23 mg 08 mg 20 mg 55 vol.%
PEOqa7-5-PHA:7 23 mg 97 mg 38 mg 70 vol %o
PEOuar-b-PHAuow: 23mg 09 mg 91 mg 85 vol %
PEOg4r-5-PHA 53 23 mg 97 mg
PEOus7-b-PHAuows 23mg 09 mg

Table S3. Expenmental details of the STEM-based tomography.
Sample Tilt Range Pixel Size  Residual Error  Voxel Size  Ball Radius

69 vol.% —74° to 66° 0.63 nm 0.477 nm (1.26 nm)* 40 px

75 val.% —74° to 68° 0.81 nm 0.573 nm (1.62 nm)’ 30px
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Figure S1. 'H NMR (400 and 700 MHz) spectra of PEO-Br macroinitiators (20 kDa. black and

10 kDa, red) and PEO-5-PHA block copolymers based on them 1n CDCI;.
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Figure S2. 'H NMR (400 and 700 MHz) spectra of PEO-Br macroinitiators (5 kDa, green and

2 kDa, blue) and PEO-5-PHA block copolymers based on them i CDCl;.
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Figure S3. (A) GPC RI traces of the PEO-5-PHA block copolymers and the underlying
macroimtiators of varying PEO block length (441 EO units in black, 251 in red, 137 in green, and
47 mblue) in THF. Labelling follows increasing PHA block length from nght to left in accordance
with the shift of the comresponding curve to lower elution volumes. The GPC curve of PEQs:-Br
(dashed line) 1s given as references due to the absence of sufficient amounts of PEQ441-Br for
characterization_ (B) Plot of each apparent number-weighted molecular weight from GPC against
the WMR.-based PHA block length with a linear fit (dashed line) each. Open symbols indicate the

reference PEQO;7:-Br sample and the block copolymer excluded from the soft templating matrix.
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Figure S4. DLS data of PEO-Br macromitiators (20 kDa and 10 kDa) and PEO-5-PHA block
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Table S4. Overview on all polymers prepared throughout this work including number-average
molecular weight (Mp) from NMR, apparent number-average molecular weight (My**F) and

polydispersity index (P) from GPC, and hydrodynamic size in ethanol and methanol from DLS.

Sample M./kDa M /kDa D  dows(EtOH)/nm  dors(MeOH)/nm
PEOs-b-PHAso 805 84.6 1.51 116 101
PEOu-b-PHAns 705 74.0 1.50 10.4 96
PEO.1-bPHAy 617 68.0 1.52 117 86
PEOu-bPHA1  46.6 57.3 1.13 102 62
PEOsn-Br 16.6 25.7 1.03 6.8 6.6
PEO;1 b PHA.: 801 542 1.67 113 115
PEOs1-bPHAss1 707 55.1 1.55 9.8 81
PEO::-bPHAus 448 379 1.39 9.4 58
PEO;i-b-PHALy 342 322 1.31 73 51
PEO::1 b PHAw: 258 215 1.54 8.0 39
PEO21-Br 113 15.7 1.03 57 5.3
PEOu:-b-PHAs 911 53.9 1.60 - 113
PEOur-b-PHAs1» 869 50.3 1.57 9.9 102
PEOw:-bPHAs 766 50.0 1.57 10.5 112
PEOu:-bPHAsw  65.7 479 1.45 10.2 115
PEOwr-b-PHA»: 504 39.5 1.44 83 77
PEOwr-bPHAnr 417 29.8 1.54 78 93
PEOws-b-PHAw:s 207 192 141 6.4 39
PEOw:7-Br 62 78 1.10 44 3.9
PEOorbPHAws 753 52.7 1.58 - -
PEOur-b-PHAws 173 172 1.79 5.1 65
PEOQuss-Br 23 32 1.04 33 29
59
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Figure S6. MNitrogen isotherms at 77 K of mesoporous silica prepared with 57 vol % PEO.-b-
PHA,, with a PEO block length of n = 441 (black), 251 (red), 137 (green), and 47 (blue) while the

PHA block length m increases from the bottom to the top each.
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Figure S7. Pore size distributions of mesoporous silica prepared with 57 vol % PEO.-b-PHA.,
with a PEO block length of n = 441 (black), 251 (red), 137 (green), and 47 (blue) derived from the
adsorption branch with an NLDFT kemel for cyhndrncal pores. The cumulative plot (filled
symbols) 1s given in absolute values while the differential plot (filled area) 1s displayed in arbitrary

units for eye gmdance.
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Figure S8. SAXS curves of mesoporous silica prepared with 57 vol % PEO,-b-PHA,, with a PEO
block length of n =441 (black), 251 (red), 137 (green), and 47 (blue) while the PHA block length
m mcreases from the bottom to the top each. Experimental data (dots) are fitted (sohid lines)

according to a Percus-Yevick model for spherical pores.
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Figure 59. Comparnison of the pore size of mesoporous matenials obtained with PEQ-5-PHA block
copolymers of different PHA block lengths by soft templating with 57 vol % template 1n this work
(red diamonds) and by persistent micelle templating (PMT) without (filled black circles) and with
PHA homopolymer swelling (open black circles) reported by Stefik and co-workers."™ Note that

some macroporous samples prepared by homopolymer swelling possess mmltimodal pore size
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Figure S10. (A) Pore size and its standard deviation obtained from SEM of mesoporous silica
prepared with different amounts of PEO,4;-5-PHA;7q as well as the pore size distribution derived
from the adsorption branch of the nitrogen (77 K) 1sotherm with an NLDFT kemel for cylindrical
pores for the samples prepared with (B) 37, (C) 65, (D) 70, (E) 80, (F) 85 vol.% soft template. (G)
Expenmental porosity (black dots) and share of the mesopore volume (green dots) compared to
the total pore volume both obtained from physisorption in dependency on the polymer volume
fraction. The experimental porosity follows a linear fit (lower dashed line) and 1s contrasted to the

theoretical evolution (upper dashed line).
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Figure S11. Comparison of relative pore size changes upon varying the template amount (the mass
of final mesoporous material assuming full conversion in relation to the mass of soft template)
observed 1n this study (red diamonds) to pore sizes found m literature for mesoporous materials
templated with persistent micelles (filled circles) and dynammc micelles (open circles). The average
pore diameter found by (A —C) SEM and (D) TEM 1in mesoporous miobia soft-templated with
PEO-5-PHA (A) in tetrahydrofuran (THF),* (B) in THF, ethanol, and methanol, respectively,® and
(C) with PEO-5-PHA swollen with different amounts of PHA homopolymer in ethanol® and (D)
in mesoporous carbon templated with PEO-b-PS'? are referenced to their respective pore size by
persistent micelle templating and contrasted to SEM-based pore sizes (referenced to each pore size

obtained with the lowest template amount) of mesoporous silica prepared in this stdy.

515



Publikationen

of PEO_-b-PHA, -

derived (85%) SiO,

SEM Images
(n-m)

wu (z)L % 8L)

4 100 nm

snoJodoioew
LISLEL

snoJodoioew

18e-LEL

18E-152

wu (0L L)
06E-L¥Y

Figure S12. SEM images of mesoporous silica prepared with 85 vol % PEO,-5-PHA, with a PEO

and 47 (blue) while the PHA block length

441 (black), 251 (red), 137 (green).
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m increases from the bottom to the top each.
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Figure S13. Nitrogen isotherms at 77 K of mesoporous silica prepared with 85 vol.% PEO,-b-

PHA,, with a PEO block length of n = 441 (black), 251 (red). 137 (green), and 47 (blue) while the

PHA block length m increases from the bottom to the top each.
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Figure S14. Pore size distnibutions of mesoporous silica prepared with 85 vol % PEO,-b-PHA.,
with a PEO block length of n = 441 (black). 251 (red), 137 (green), and 47 (blue) derived from the
adsorption branch with an NLDFT kemel for cylindncal pores. The cumulative plot (filled
symbols) 1s given in absolute values while the differential plot (filled area) 1s displayed in arbitrary

umits for eye gmdance.
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Figure S15. SAXS curves of mesoporous silica prepared with 85 vol % PEO,-b-PHA,, with a PEO

block length of n = 441 (black), 251 (red), 137 (green), and 47 (blue) while the PHA block length

m mcreases from the bottom to the top each. Expennmental data (dots) are fitted (solid lines)

according to a Percus-Yevick model for spherical pores.
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Table 85. Pore size (in nm) of all mesoporous silica powders possessing ordered arrays of

spherical mesopores prepared with 57 and 85 vol % soft template. Values from SEM were

obtained by measuring the pore diameter of 50 pores and determining 1ts standard deviation, values

from nitrogen physisorption result from an NLDFT-based pore size distribution relying on the

adsorption branch (mode value and full width at half maximum) after nmiltiplication with a

geometncal correction factor of 1.35 (sphernical versus cylindrical pore geometry), and values from

SAXS were recerved after fitting with a Percus-Yevick model for sphenical pores.

Pore Size (57 vol.%) / nm Pore Size (85 vol.%) / nm

Template SEM Phys SAXS SEM Phys SAXS
PEOQun-b-PHAsw  34+6 34+7 41+10 71+10 54+8 85+20
PEOyu-b-PHA:6 2813 4313 3010 39+10 54+8 85+22
PEOQ,u-b-PHA 7 212 — 21+5 40+£7 8x7 46+14
PEOzs1-0-PHAu 376 344 49+ 10 69+9 54+9 022
PEO:s5:-0-PHAum 28x4 4=x6 31+13 78+12 54+8 66 +26
PEOzs1-b-PHANs 204 21+3 308 40+7 30+7 51+13
PEO:zs1-b-PHA147 17+3 19+3 238 33£5 34+5 45+ 11
PEO:51-b-PHAp: 152 18+3 20+5 32+4 26+3 36+ 10
PEQO1:7-b-PHAuw: 19+2 18+3 235 28+8 20+8 27+£9
PEOusr-b-PHAuss 14+2 — 21+8 12+2 27+4 2612

S20
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Tahle S$6. Overview on the specific surface area Sget of all silica samples (in m* g') as determined

by the BET approach from the respective physisorption isotherm.

Soft Template 37 vol % 85 vol %
PEOyn1-b-PHAa00 200 410
PEOyn-b-PHAx6 150 370
PEOyu-b-PHAum 240 540
PEOun-5-PHA1m: 120 490
PEO:s1-b-PHAun 350 370
PEO:s1-5-PHA1s 340 390
PEO:s1-b-PHAns 430 480
PEO:s1-5-PHAw7 440 360
PEO»s1-b-PHAues 200 580
PEOhva7-b-PHAsy 100 410
PEOw7-b-PHAs17 150 380
PEOw7-5-PHAus1 320 370
PEOwar-5-PHAss: 310 260
PEOna7-b-PHAuss 350 450
PEOha7-b-PHA»n 300 280
PEOnar-b-PHAos: 330 580
PEOui7-b-PHAuss - 60
PEOus7-b-PHAuows 220 290
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Figure S16. Thermogravimetnc curve of (A) mesoporous silica prepared with 85 vol % PEOq37-

b-PHAs17 measured in synthetic air with a heating ramp of 5 Kmin™ and (B) of a dred

PEO-b-PHA/ silica hybnid gel with 57 vol %0 PEQ441-5-PHAz2s measured in synthetic air according

to the heating ramp used for all syntheses. In addition, the intensity evolution of the mass signals

corresponding to an m/z ratio of 18 (water) and 44 (CO;) are shown below (note that all data in

(B) are plotted against the elapsed time leading to discontinuances at each dwell time of the heating
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Figure S17. SEM images of mesoporous silica prepared with different amounts of PEO»s1-b-
PHAsg: (red) and PIBso-5-PEOss (green), respectively. The respective polymer amount and

resulting pore size 1s displayed above each image.

Since the volume of a matenial can be determined by dividing its mass by its density, the template
concentration sometimes given in literature as the mass ratio (M:T) of the oxide assuming full
conversion of the precursor to the mass of the soft template used can be converted to the polymer
volume fraction @ by equation (S1) if the density of the oxide poxige and soft template pscp are
known:

1

=
1+(MT) 25
Poxide

(D
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On the Interpretation

of Physisorption

Isotherms:

Connectivity versus Accessibility of Mesopore Networks

Lysander Q. Wagner™®, Lucas Brauch“®, Christian Kiibel*®*, Xiaoyin Cheng’, Katja Schladitz",

and Bernd M. Smarsh™?*

Mesoporous materials feature a high pore
volume and large surface area. However,
the pore connectivity governs to which
extent this pore volume can bhe used in
application, e.g., as hetereogeneous catalyst.
Ohserving a network effect in physisorption
isotherms, we usually have a picture of
poorly connected mesopores in mind. In this
study, we contrast gas physisorption and
electron tomography for studying the pore
connectivity of powders with spherical
mesopores and see that this simple picture
does mot hold true. We investigated three
mesoporous powders (hard carbon, Si0;,
and Zr(;) soft-templated with the same
poly(ethylene oxide)-block-poly(hexyl
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acrylate) copolymer. While physisorption
reveals a significantly hetter pore
connectivity in the Zr0O; sample compared
to the carbon powder, the 3D
reconstruction from STEM-based
tomography shows the opposite result. By
evaluating the pore system in depth with
electron microscopy, small-angle X-ray
scattering, physisorption, and tomography,
we demonstrate that this contradiction is
only an apparent ome since physisorption
provides information on the global pore
network accessibility whereas electron
tomography gives insights into the local
pore connectivity. This didactic case study
shows that using physisorption isotherms
alone can he misleading, and heth
physisorption and electron tomography are
required to obtain a full picture of the pore
system.

Introduction

Mesoporous materials prommse  great
potential in several fields of material science
such as catalysis,''? sensing '"'? and energy
storage’*™° due to the large surface area and
pore volume they possess. Some possible
devices, however, can only benefit from the
latter if the pore network 1s readily accessible.
For instance, a mesoporous catalyst will never
outperform an unstructured analogue if the
reactants cannot access the interior of the pore
space;'*!° the same holds true for, e.g., the
electrochemical accessibility of mesoporous
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model electrodes 1 dye-sensitized solar
cells? In contrast sodium-ion batteries
represent an example, in which an inaccessible
mesopore space of the anode matenal seems to
be superior over an accessible one ** Thus, the
accessibility of a single mesopore, and the
entirte pore system in general, 1s of utmost
importance with respect to the performance of
an applied mesoporous matenal. Therefore, 1t
1s crucial to be capable of accurately and
rehably studying the pore accessibility of and
pore comnectivity within a mesoporous
system.

At this stage, it 1s important to point out that
the term “pore connectivity” 1s used for
mesoporous materials since cirea 30 years,*!2
however, a clear defimtion of this parameter
(e.g.. by the IUPAC) 1s missing so far. The
parameter 1s partly referred to the number of
pores connected to a given pore and sometimes
assigned to the size of the connecting pores.
Due to this ambiguity, we initially use the term
“pore connectivity” in quotation marks.

While mesoporous matenals are routinely
investigated i terms of pore size by electron
microscopy, gas adsorption, small-angle X-ray
scattering (SAXS), and mercury porosimetry,
“pore connectivity” studies require elaborated
characterization techmiques®® Here, the
isotherm obtained from gas physisorption
experiments provides some hints on the pore
network. In case of an open mesoporous
network, spontaneous pore filling in the
adsorption branch i1s delayed due to a
nucleation barrier if the mesopores exceed a
width of about 4 nm Since emptying of the
pore in the desorption branch occurs m
equilibrium over a descending memiscus, a
type IV 1sotherm with an H1-type hysteresis
loop according to the IUPAC classification is
obtained ***" If the evaporation of the fluid
inside a mesopore is restricted by a narrow
pore neck, i.e., if a network effect 1s present,
the pore emptying in the desorption branch
will be shifted to smaller relative pressures
causing a broademng of the hysteresis loop.

Here, emptying of pore neck and underlying
cavity can take place together at the pressure
associated with the pressure needed to empty
the neck (pore blocking), or both entities are
emptied via a spontaneous nucleation and
growth of gas bubbles in the fluid because the
latter reaches its limit of stability (cavitation).
The second case of -cavitation-induced
evaporation happens 1if the pore mneck
underscores a critical width (4 — 5 nm in case
of mitrogen at 77 K) whose emptying m
equilibrum would require a pressure below
the stability limit of the flmd For both
evaporation mechamsms, the delayed
evaporation yields an H2(a)-type hysteresis
loop. %% The two cases can be discriminated
experimentally by two approaches: (1) a
companson of desorption-branch-based pore
size distnbutions measured with different
adsorptives™ and (2) evaluation of the shape
of desorption scans recorded by a hysteresis
scanning *%*! Answering the question if pore
blocking or cavitation 1s predomunant sounds
very academmc at first glance but i1s of big
importance since in case of pore blocking, a
pore neck size distribution of restricting pore
necks can be obtamed while in case of
cavitation, only the statement that the necks
are below the critical size can be concluded.
Besides the size of restncting pore necks,
possible pore size gradients and the conmection
between adjacent pores can be evaluated when
a physisorption measurement 1s coupled with
an in-situ SAXS measurement ' Even deeper
msight into the average connectivity (such as
the number of neighboring pores and the
disorder of the pore network) of a pore system
can be gained with a recently reported
percolation model, which fits experimental
hysteresis scanning curves based on several
network parameters® Moreover, novel
evaluation methods like the percolation-effect-
mtegrated differential hysteresis scanning
allow guantification of “pore comnectivity™
(like neck size distnbutions and the degree of
constriction) 1m  hierarchically  porous
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systems.’* With this approach, pore neck sizes
can be contrasted to the size of the
corresponding underlying cavity.

A further charactenzation method for
elucidating the “pore connectivity represents
electron tomography, which delivers a three-
dimensional (3D)) view on the pore system at
the nanoscale without any assumptions about
the pore geometry.**° In contrast to gas
physisorption, tomography 1s not restricted to
accessible pores and resolves even isolated
ones. In particular, if the set of angle-
dependent images acquired with scanning
transmission electron microscopy (STEM) 1s
processed with a dedicated algorithm like the
discrete algebraic reconstruction techmque
(DART), a 3D model of high precision at the
nanoscale 1z obtamned, which can resolve the
local comnection of mesopores ¥ Albeit
being a local analysis, a reliable textural
analysis of the pore system 1s possible by
statistically evaluating the pore size (following
a local thickness approach) and connectivity
(following a skeletomization approach). As a
result, a pore size disinbution of the
(connecting) pore necks as well as a
distnbution of the mumber of connected,
adjacent pores (coordination number of a pore)
can be derived ***

Regarding the pore size distnbution, gas
physisorption and STEM-based tomography
showed a good agreement®*' however, in
terms of “pore commectivity”. our previous
studies on soft-templated mesoporous silica
revealed an inconsistency: While STEM-
based tomography clearly confirms an
improved “pore connectivity” if more soft
template 15 used dunng the synthesis, ie.,
more mesopores are incorporated into the
metal oxide ** the physisorption isotherms still
possess the same pronounced cavitation in all
samples mmplying a poor pore accessibility.*
The question arises how these results can be
brought together. Therefore, we devote 1n this
study attention to a comparison between
physisorption and tomography for “pore
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commectivity” analysis at a systematic level to
answer the questions which information both
techmiques actually provide, which limitations
they have, and how they can be combimed. By
employing three different mesoporous model
materials — mesoporous carbon and S10.,
which are expected to be poorly accessible, **
and mesoporous ZrO:, which 1s expected to be
better accessible — we first provide a
guideline how to rehiably and quickly
determune the pore size of different matenals
with large spherical mesopores by
physisorption and back up the results by
electron microscopy, SAXS, and tomography.
Then, the pore connectivity and accessibility
are contrasted by detailed physisorption and
tomographical expenments to reveal possible
deviations and denive a clear model of the pore
model consisting of percolation paths (being
composed of well-connected pores in case of
the samples here), which exhibits different
extents of accessibility as visualized with the
aid of tomography. This work not only helps
to understand the underlying pore model of
soft-templated mesoporous matenals but, even
more important, demonstrates that both
physisorption and tomography are required to
obtain a full picture of the pore model, as one
method alone might be misleading, and
extends the analysis of pore systems.

Results and Discussion

Characterization of the Mesopore System

A systematic study on “pore connectivity” 1n
mesoporous matenials requires a sample set of
comparable pore geometry but of different
“pore connectrvity . Since our previous study
suggested a rather open pore structure in case
of crystalline metal oxides (namely, zirconium
dioxide) compared to rather isolated silica*!
we choose mesoporous S510: and Zr(»
powders as model materials. In addition, we
expand the study with a further matenal class,
mMESOPOTOuS carbon, whose “pore
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Figure 1. (A - C) SEM images, (D — F) nitrogen (77 K, green) and argen (87 K red) isotherms of mesoporous carbeon (left), Zr0s
(middle), and 510z (right), and respective pore size distributions obtained from the corresponding adsorption branch with a DFT
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pore geometry and for a spherical pore geometry in brackets (resulting from nultiplication with a gecmetrical comection factor of

1.35).

comnectivity’ can be tailored towards both
isolated' and accessible** mesopores.

The mesoporous matenals were prepared
with a soft templating procedure using a
poly(ethylene oxide)-block-poly(hexyl
acrylate) block copolymer (PEO-b-PHA)
prepared in our last study.** With this PEQus-
b-PHA:70 (subscripts denote the number of
repeating umits) soft template sample, we
obtamned mesoporous silica with spherical
mesopores of 23 nm in diameter. The soft
templating process bases on the evaporation-
induced self-assembly (EISA) mechanism, **-
* in which micellization of the amphiphilic
block copolymer occurs upon solvent
evaporation. So, the hydrophobic PHA block
in the mucelle core 15 separated from the
hydrophilic precursor/solvent phase by the

hydrophilic PEO block in the micelle corona.*’
These micelles armrange themselves m an
ordered, close-packed armray upon further
solvent evaporation leading to an ordered
pattern of mesopores after thermal removal of
the polymer micelles. The solid skeleton
material 15 formed within a sol-gel reaction in
case of the metal oxides, and within a
thermopolymerization and carbonization**—>°
of the resol resin 1n 1nert atmosphere 1 case of
the non-graphitic carbon. Scanning electron
microscopy (SEM) confirms an ordered pore
structure with spherical mesopores in all three
samples. By averaging over 30 pores in the
respective  SEM  image i Figurel, a
comparable mesopore size of 33 nm (carbon),
27 nm (Z10,), and 25 nm (510,) 1s obtained in
accordance with our previous work* The
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slightly larger pore size in case of carbon may
be due to the different pore formation
mechamism and skeleton materials (sol-gel
reaction under ambient conditions s
carbomization wunder inert conditions)
possessing different extents of pore shrinkage
(difference between template size and
resulting pore s1Ze) during
calcination/carbonization. Also, a difference
in soft template concentration can explain this
dewiation as the mesopore size increases with
the template concentration® Due to the
different density of the skeleton materials and
different conversions of the precursors, a
perfect alignment of the pore volume cannot
be guaranteed.

Physisorption expenments confirm the
findings obtained by SEM as all argon (87 K)
and nitrogen (77 K) 1sotherms possess a type
IV shape of mesoporous matenials according to
the TUPAC definition.® Regarding the H2-
type hysteresis loops, a pronounced network
effect is striking.*>*® which will be discussed
in more detaill below along the “pore
comnectrvity . Inm  general, physisorption
experiments with argon are more accurate than
with nitrogen™-*® but both adsorptives were
emploved here due to the msufficient fitting of
the argon quenched solid density functional
theory (QSDFT)’*? kemel for carbon
matenials beyond relative pressures of 0.93
here (see the companson between measured
and fitted isotherm in Figure S2). Since the
majority of data points of the adsorption
branch, which contribute to the mesopore
filling (p/po= 0.9), are not captured by the
evaluation model, the pore size distnbution
from the argon isotherm in Figure 1D 1s not
smtable for determmming the mesopore size of
such large mesopores here. The remaiming
pore size distributions, however, provide
meaningful results. Because of the network
effect causing a delayed evaporation, the
adsorption branch was used for evaluation, and
corresponding QSDFT (in case of carbon) and
non-local density functional theory (NLDFT,
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in case of the metal oxides) kemels assuming
a cylindrical pore geometry were applied on
the adsorption branches of the argon and
mtrogen 1sotherms, respectively. The resulting
pore size distributions from nitrogen (carbon,
£y, and 510,) and argon (Zr0; and 510;)
physisorption yield a mode mesopore size,
which, however, needs to be corrected since
the mesopores possess a sphencal pore shape
instead of a cylindncal geometry. In case of
mtrogen adsorption on mesoporous silica, a
shift by 35% towards larger pore sized were
found when changing the assumed pore
geometry from cylinders to spheres® This
correction factor of 1.33 proved to be suitable
i our previous studies*>* and shifts the pore
size of the 510:; sample in Figure 1 from
19 nm to 25 nm, which 1s 1n perfect agreement
with the SEM-denived value. Although this
correction factor is formally only valid for
silica, the mode pore sizes of carbon (33 nm)
and Zr(s (26 nm) after geometrical correction
(with a factor of 1.35) match surpnisingly well
with the results by SEM. Consequently, the
factor of 1.35 seems to be applicable for these
two matenials as well.

Direct application of an evaluation model
assuming  spherical pores 15 less
straightforward here. The Quantachrome
software  ASiQwin features sphencal/
cylindrical hybrid kemels for carbon and silica
for argon and mitrogen 1sotherms, respectively,
but they either are programmed for a smaller
pore size range than the cylindrical equivalents
{(0.35 - 40 nm instead of 0.35 nm — 100 nm)
and encounter difficulties 1n case of such large
pores (in case of silica) or show a poor fithng
of the data in the pore filling regime as shown
i Figure 52 {(in case of carbon). As shown 1n
the pore size distnbutions in Figure S1, the
cylindrical/spherical kemnel (assuming small
cylindrical and large sphenical mesopores) for
carbon (both argon and mitrogen) and silica
(only mitrogen) are indeed shaifted to a larger
pore size of about 45nm and 33 nm,
respectively, compared to the distnbutions
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obtained for cylindncal pores but do not fit the
adsorption branch beyond p/po= 09 (see
Figure S2). Thus, six to mine crucial data
points of the hysteresis loop are not mcluded
in the evaluation process resulting in an
inaccurate pore size distribution similar to that
of carbon in Figure 1D (argon, cylindrical
geometry). In case of the NLDFT method for
silica with argon at 87 K assuming a hybnd
geometry, a proper fitting 1s achieved.
However, this evaluation method describes
spherical/cylindrical pores. ie.. assumes the
opposed case of small sphenical pores
(<2 mm), which connect large cylindrical
mesopores (= 2 nm). As a result, the same pore
size distnbution is obtamned as by assuming
cylindnical pores only except a small shift of
the micropores by 0.3 nm in case of the 510
sample. A detailed overview over the DFT
kermnels used and their definition and pore size
regimes can be found in Table 81 in the
Supporting Information. As a result, for such
large spherical mesopores, the evaluation of
physisorption  isotherms by assuming a
cylindncal pore geometry and post-correction
apparently offers the highest level of accuracy.

An accurate confirmation of a spherical pore
shape requires a method providing a three-
dimensional view on the pore system. In this
regard, STEM-based tomography 1s a versatile
tool to wisualize the sample m 3D on a
nanoscale. As shown i Figure 2, a tilt senes
of angle-dependent STEM images 15 acquired
and computed to a 3D model viag an iterative
reconstruction techmque. From this model,
several structural features can be statistically
evaluated: from the local thickness (the
diameter of a sphere at a given pixel just fitting
into one phase without penetrating the second
phase). both the pore size and wall thickness
can be resolved locally. and the number of
mesopores being connected to a given
mesopore (coordination number) can be
determmned, as well as the size of the pore neck
between two connected pores. The cutouts of
the reconstructed mesoporous systems 1in

STEM
Optics
Hypothetical

Point of View
*

§ Rotatable .. 2
I Sample | y o

_ =73

Coordination
Wall Thickness MNeck Size Mumber

Figure 2. Principal of STEM-based tomography delivenng a
3D model of the mesopore system after reconstructing angle-

dependent STEM images. Cutouts of the 3D models of
mesoporous carbon (black), Zrdy (blue), and Si0: (gray) are
visualized as well as possible stuctural features that can be
denived from them

Figure 2 clearly demonstrate a spherical pore
geometry i all three samples. In addition, a
difference in the extent of “pore connectivity™
can be envisioned qualitatively from the

Pore Size and Pore
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tomography data for carbon (black), ZrQy (blue), and 5i0;
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SAXS data of mesoporous carbon (black), Zr0: (blue), and
510z (gray) are given together with a fitted scattering curve
(solid Ime) according to a Percus-Yevick mode] for sphenical
pores and a smmlated curve (dashed line) derived from the
STEM-baszed reconstruction.

models, which will be described in-depth
below.
The STEM-based reconstruction bases on a

single particle and thus could be affected by
local inhomogenities. In order to back up that
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the considered particle 1s representative for the
entire sample, a comparison of the tomography
data with a further global method, such as
small-angle X-ray scattermg (SAXS), 1=
reasonable. Therefore, a SAXS curve 1s
simulated from the STEM-based
reconstructions (representing a 3D distribution
of electron density) following a Python script
previously reported by our group® and
contrasted to experimental SAXS data of the
samples (Figure 3C). The scattenng data
exhibit two mmportant features as frequently
observed in our former studies:** a
at low g wvalues connected to the
lattice factor (and thus pore-to-pore distance)
followed by a form factor mimimum connected
to the pore size. As a consequence of the
smaller particle size in case of the metal oxides
used for tomography, the simulated scattening
curve 15 less accurate than for the carbon
sample. Still, all three simulated data are in
good agreement with the experimental ones in
terms of the aforementioned features. The only
exception represents the lattice factor
maxmmum of the simulated curve for
mesoporous carbon being shifted to larger g
values compared to the experimental curve.
This mmplies that the pores are a bit closer to
each other in the STEM-based model than in
the overall sample. The musfit hints at a certain
level of inhomogeneity in the sample, which
does not mean that the matenal 1s principally
bad but such dewviations need to be kept in
mind. Otherwise, the good agreement
underlines the suitability of the particles
selected for reconstruction.

Structural parameters like the pore size can
be denived from the SAXS curve by fitting the
expenimental data with a theoretical function
based on a Percus- Yevick structure factor *1°%
7 Due to the low number of form factor
oscillations in the experimental SAXS data,
the pore size determination becomes less
accurate. Yet, the obtained mesopore sizes of
37 nm (carbon), 32 nm (Zr(;)., and 31 nm
(5102) follow the same trend that was observed
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by SEM and physisorption before, i.e.. shightly
larger mesopores in Zr0: compared to S10;
and the largest pore size in case of carbon. The
absolute values are reasonable considenng the
large polydispersity, and since we observed a
slight overestimation of the mesopore size
obtained from SAXS data with this Percus-
Yewvick approach already in previous samples
of similar pore structure.* Another striking
feature 1n case of the ZrO» sample comprises
the dewviation of both the simulated and
theoretical curve from the expenmental data in
the g range between 05 and 1nm™ in
Figure 3C. From the position, a structure
(pore or particle) between 6 nm and 13 nm in
size 1s expected to scatter in this g range, whach
matches with the small fraction of small
mesopores (5 — 10 nm 1 diameter) in the pore
size distribution from physisorption 1n
Figure 1E. As no micropores are contained in
this sample m contrast to the other two
mesoporous samples (carbon and $10:)
according to physisorption, a micropore
widening upon crystallization can be expected,
as suggested mn a former study.*! which yields
small mesopore channels contributing to the

scattering curve.
Evaluating the pore size with the aid of the
STEM-based reconstructions (contaiming

about 1000 mesopores each) supports the
previous findings and confirm the absolute

Table 1. Overview on the average mesopore size (in nm) of
mesoporons carbor, Zr0n, and 510z deternmined with different
charactenzation methods.

Pore size (in
nm) obtained Carbon  Zr(O, 510,
from

SEM 33£5  27+4 25+4

Physisorption 33+4 26+7 25%35

SAXS 5717 32+12 31+14

Tomography 44+8 24+5 18+4

values found by SEM and physisorption,
especially 1mm case of the metal oxides.
Following the local thickness approach
described above delivers a mesopore size of
44 nm (carbon), 24 nm (Zr0:), and 18 nm
(510.). Table 1 summarizes the results of all
characternization methods so far. Sull, 1t 15
important to mention that the determination of
a well-defined average value for the size of the
spherical mesopores by tomography 1s
hampered by (1) the small connecting pore
throats possessing a small local thickness and
(2) the mesopores laying at the particle
surface, which are assigned only to the small
pore size that 1s contained in the particle space
by the local thickness algorithm. Both
contributions lead to the asymmetric shape of
the pore size distnbution in Figure 3A. Since
the local thickness evaluation can be
conducted on the pore wall phase as well, the
(local) wall thickness can be statistically
evalnated. As depicted m Figure 3B, all
mesoporous samples feature a simmlar pore
wall thickness of about 30 — 40 nm_ This 15 an
important aspect because a clear comparnison
of the “pore commectivity” would not be
possible otherwise. As shown in our last study,
the “pore connectivity” increases upon
bringing the pores into closer contact
(decreasing the pore wall thickness by
applying higher amounts of soft template) *?
That means the comparable wall thickness
here gives access to draw conclusions on the
influence of the material itself (amorphous or
crystalline metal oxide ws. non-graphitic
carbon) on the “pore connectivity™, which wall
be investigated in more detail i the next
section.

Network Analysis by Physisorption and
Tomography

Both physisorption and tomography do not
only provide information on pore size and
shape but give also valuable insights into the
“pore comnectivity . With the aid of
physisorption, an open (readily accessible)
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Figure 4. Nitrogen hysteresis scans at 77 K (after thermal compensation, see Supporting Information) of (A) mesoporous carbon
(black), (B) ZrOz (blue), and (C) 5i0: (gray) composed of a boundary loop (filled symbols) and four desorption scans (open

symbols) each. Partial

branches are onutted for clanty. On the bottom, the pore size distnbutions obtained from the

desorption branch of the argon (red) and nitrogen (green) isotherm with a DFT kemel for cylindrical pores are contrasted to each

other for mesoporous (D) carben, (E) Zr0:, and (F) 510:.

pore network can be distingnished from a
restricted pore system, whose pore necks are
so small that evaporation of the adsorptive out
of the mesopore is delayed (network effect).*®
In the latter case, two possibilities are
discnmnated: emptying of the underlymg
pore occurs at the relative pressure, at which
the smaller neck 1s emptied (pore blocking),
and 1 case of sufficiently small necks
(5 —7 nm for Nz at 77 K), emptying of the pore
requires such a small pressure due to the small
pore meck that the condensed adsorptive
undershoots a cnitical relative pressure and
becomes metastable leading to sudden
emptying of the entire pore (cavitation) 2%
Performing a hysteresis scanning experiment,
ie., rtecording partial 1sotherms after
subsequently less pore filling, represents a
qualitative method to elucidate the “pore
connectivity”*%*! While all partial desorption
scans converge in the lower closure point of
the hysteresis loop in case of pore blocking,
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the shape of a straight line until the relative
cavitation pressure, at which sudden
evaporation occurs, 15 preserved for all
scanning curves in case of cavitation. As
shown in Figure 4A and C, the mesoporous
carbon and mesoporous silica sample yield the
typical shape of desorption scanning curves
governed by cavitation Hence, the large
spherical mesopores in these materials are
commected by very small pore necks below
3 — 7 nm. Taking the pore size distributions 1n
Figure 1 into account, the connecting pores
are then most likely the 1 nm micropores. In
case of zircoma. however, a different behavior
1s observed: all scanming curves in Figure 4B
converge in the lower closure point suggesting
a pore blocking Consequently, larger pore
necks such as the 5 — 10 nm mesopores in the
pore size distnbution (Figure 1E) cause the
delayed evaporation i this sample. The larger
pore necks in case of Zr(, imply that the pore
system 15 better accessible than that of
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mesoporous carbon and $S102. Sull, it should
be mentioned that the small step i the ZrO:
1sotherm at p/po = 0.5 1n the desorption branch
resemble a H5 hysteresis loop with a small
fraction of cavitation thus hinting at a small
residual amount of blocked pores, which are
emptied by cavitation. >**® Nevertheless, the
majority of the large mesopores 1s governed by
pore blocking.

The suggested network effects are supported
by the pore size distnbution companson in
Figure S4_ In general, the delayed evaporation
due to the small pore necks in both pore
blocking and cavitation leads to a shift of the
pore size distribution denived from the
desorption branch towards smaller pore sizes.
The resulting musmatch between the pore size
distributions denived from the adsorption and
desorption branch 1s indicative of the presence
of a network effect and 1s clearly visible in all
three samples here (upper half of Figure S4).
Comparning the desorption-derived
distnbutions obtamned from physisorption
measurements with different adsorptives
enables a discnmination between the two
network effects (lower half of Figure S4 and
Figure 4)** While desorption occurs at the
relative  pressure comresponding to  the
emptying of the restricting pore neck in case of
pore blocking, the position of the desorption-
based pore size distribution 1s only governed
by the pore neck size but 1s independent of the
adsorptive. In case of cavitation, the sudden
pore emptying i1s  thermodynamically
controlled by the metastability of the
adsorptive and thus depends on the adsorptive.
Therefore, the musmatch between the
distnibutions obtained from mitrogen and argon
measurements n case of mesoporous carbon
and $10:_ respectively, confirm the cavitation-
driven desorption. In case of ZrOi, both
distributions coincide and confirm a pore
blocking mechanism here. As a result, the
desorption-based pore size distnbutions in
Figure 4E describe a pore neck size
distribution confirming the pore necks with a

10

mode diameter of 7 nm to cause the restnicted
evaporation as suggested above.

The direct visualization of the pore system
m 3D by STEM-tomography provides access
to statistically evaluate both the size (pore
neck size) and the number (coordination
number, CN) of pore connections regardless of
whether they are restncting or not. This 1s an
important difference to physisorption, with
which no information on conmectivity of freely
accessible mesopores can be concluded®
With tomography, the only limit 1s set by the
pixel (/voxel) size of about 2 nm here, which
renders  the resolution of micropores
impossible. Thus, the coordination number
only considers connecting pores of mesopore
dimensions. The distibution of the
coordination mumber in Figure 5A reveal a
rather poorly connected mesopore system in
case of the metal oxides. While the 5104
sample 1z composed of 33% 1solated
mesopores (CN =0) and 65% of mesopores
comnected to a pair (CN = 1), the Zr(; sample
shows only a slightly higher level of
comnectivity with 14% of mesopores with a
CN > 1. In both cases, an average CN below
one demonstrates that a large network of
mterconnected mesopores cannot be buwlt up.
However, the mesoporons cartbon sample
reveals a surpnisingly well-connected pore
system. With only 10% of 1solated mesopores
and an average CIN above two, a numencally
well-connected network can be found as
already expected from the 3D model mn
Figure 2. Taking the local thickness into
consideration, the size of the pore neck
commecting two adjacent mesopores can be
determuned each. Looking at their size
distnbution mm Figure 5B, both metal oxides
comprise similarly small pore necks of about
15 nm in diameter. This pore neck size 1s still
larger than that observed by physisorption but
since only the small pore necks causing
networks effects are seen there, and
tomography cannot resolve the small
mucropores, these larger values mm Figure 5B
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Figure 5. Distnbution of the (4) pore coordination number (number of

comnected to a given mesopore) and (B) the size

of the necks of carbon (black), Zr0: (blue), and Si0: A derived from the STEM-based tomo data. Each av
pore ¥, ferage

value is given above the respective distribution.

are reasonable. The mesoporous carbon
sample, however, possesses mnot only
significantly more connected pores but also
their size 1s larger than in case of the metal
oxides. Thus, from STEM-based tomography,
a well-connected pore network can be
concluded 1n case of carbon while the metal
oxides feature rather 1solated mesopores.

We observed a sumlar musfit between
physisorption- and tomography-based “pore
connectivity in mesoporous silica, in which
an increase in soft template amount increased
the porosity without altering the pronounced
cavitation phenomenon (also observed here for
silica and carbon)* Meanwhile, the “pore
connectrvity 1n terms of coordmation number
and pore neck size was sigmificantly increased
upon using more soft template resulting in
complete removal of isolated mesopores
{CN — D}.42
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This evaluation of the “pore commectivity™
evokes the question why the carbon sample
comprises a poorly-connected mesopore
system according to physisorption while
tomography suggests an open, well-connected
pore network and vice versa in case of the
Zr(): sample. Can this contradiction be
resolved or 1s one method wrong?

Are Physisorption and Tomography

Contradictory?
To understand the outcome of this
comnectivity study, it is important fo

reconsider the information both
charactenization methods can provide. On the
one hand, physisorption descnibes the
commectivity between a pore imnside a sohid
sample and the extenor (gas phase outside the
particle). Thus, the overall accessibility of a

pore (network) (which can be a micro- or
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mesopore) 1s regarded (green arrow 1n
Figure 6). On the other hand, STEM-based
tomography reveals the local connection
between mesopores (including also 1solated
pores) by providing a 3D model on a nanoscale
level (red arrow 1n Figure 6). However, due to
the limited pixel (/voxel) size, micropores are
not resolved. That means, the STEM-based
reconstruction shows the local mesopore
comnectivity instead of the global pore

accessibility from physisorption as contrasted
in Figure 6.

Keeping this in mund. the contradiction
between the results from physisorption and
tomography 1s only an apparent one. Indeed.
case of an i1deally homogeneous pore system
with perfectly distributed mesopores as shown
in the top part in Figure 7, both methods are
expected to end up with the same result of an
etther open or 1solated pore system. However,
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Homogeneous Pore Systems
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Figure 7. Schematic overview on possible pore systems with
an {m)homogeneous spatial distobution of the mesopores and
their expected mipact on the pere connectivity chserved m
physisorption (phys) and STEM-based tomography (tomo).

in an actual mesoporous — system,
inhomogeneities with respect to the spatial
distribution of mesopores can occur as stressed
during the SAXS evaluation in Figure 3C. For
instance, if a particle contaiming a well-
comnected mesopore network possesses a
rather dense shell contamming only micro- but
no mesopores (Figure 7). physisorption
experiments would result i networks effect
while tomography would wyield a high level of
comnectivity. Fice versa, a particle with an
enrichment of mesopores on the particle
surface would lead to a well-accessible pore
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system 1in physisorption but to poory
commected mesopores in the particle center
according to tomography. A further possibality
to obtain poorly accessible but well-connected
mesopores represents the existence of
percolation paths of mesopores, which are
mterconnected by large pore necks within the
percolation path, but commected to other
percolation paths or the exterior gas phase by
micropore chammels (Figure 7). Lastly, an
aggregation of mesopores as a consequence of
a phase separation or evaporation-induced
aggregating assembly’” for example could
occur wyielding domamns of well'poorly
accessible and well-connected mesopores (and
non-porous domains) depending on the
location of the aggregated pores mside the
particle {particle surface or core) and region
mvestigated by tomography.

Here, the two cases of an 1solating shell and
of mesopores maimnly at the particle surface 1n
Figure 7 can be ruled out on the basis of
STEM-based tomography. Already the
selected slices of the reconstructed particles in
Figure S5 reveal a rather even spatial
distnbution of mesopores. Also, a few
mesopores at the particle surface (especially,
in case of the carbon sample) show a
connection between the exterior phase and the
intenor pore system on the mesoscale
excluding the i1solating shell model
Furthermore, an aggregation of mesopores
cannot be envisioned from tomography
neither. Although the images of the S10-
sample in Figure S5 exhibit a small region
containing no mesopores, the dimension of
this zone 15 too small to dominate the STEM-
based results. Thus, the aggregated pore model
seems unlikely as well. As both the carbon and
Zr(), sample yield an apparently contradicting
outcome in temms of physisorption and
tomography analysis, the percolation path
model represents the only remaining model
bemng capable of explaming the observed
deviation. The large mesopores are well-
comnected within a percolation path vielding a



Publikationen

3D Model + Skeleton

Pore Skeleton

Figure 8. Schematic representation (top) and STEM-based
reconstruction mchiding visualization of the pore skeleton of
mesoporous carbon (black), Zr0h (blue), and 5i0: (gray) om
the bottom. All percolation paths that are comected within or
outside the depicted cut-out are displayed in the same color.
Isolated mesopores are shown as black spheres.

high coordination mumber i STEM-based
tomography. However, as long as each
percolation path 15 connected with other
percolation paths and — in particular — the
exterior volume only by a narrow pore
channel, a network effect will be observed mn
physisorption. Since these channels possess a
diameter of about 1 nm in case of carbon and

5102 according to physisorption (Figure 1D

14

and F), a pronounced cavitation-based
hysteresis 1s obtamned. In case of Zr(Q:, theses
micropore channels are expanded to ca. 7 nm
(Figure 1E and Figure 4E), which still
restricts evaporation, but leads to a pore
blocking phenomenon instead of cavitation.
The existence of these percolation paths can be
visualized by using the pore skeleton deduced
from tomography. The skeletonization
approach follows an iteratively thinming of the
pore phase until a one-voxel thick pathway
(i.e., the backbone) of the pore system remains
(red pathway in Figure 8, the respective color-
coded percolation paths (one color per
percolation path) among the isolated
mesopores (black spheres) are clearly visible,
particularly in case of the metal oxides, and
provide an 1illustrative confirmation of the
percolation path model. The extent of these
percolation paths increases from S10; to 210,
to carbon. In case of S10:, an almost 1solated
case as shown in Figure 7 can be assumed. In
case of the well-connected carbon sample,
long inter-connected pathways can be found.
In detail, the skeleton analysis with the Image]
software reveals within the analyzed region
(750 nm x 700 nm x 450 nm) for the
mesoporous carbon sample (see Figure S6)
343 isolated pores (10% of all pores, see
Figure SA), one main percolation path with
already 1172 branches but still 183 further
percolation paths (composed of 1-17
branches) bemng isolated from the main
network. This analysis clearly proves that the
percolation model is proper to describe the
pore model here. The reason why the 7 nm
thick pore channels in case of Zr(: are not
resolved i the STEM-based 3D model
probably 1s the pixel (/voxel) size of 1.6 nm
combination with the binarization of the TEM
images: If a large number of only 3 — 3 voxel
thick channels are evenly distributed within
the ZrO» wall, a solid wall with a lower
electron contrast on average will be observed
in the electron image. Upon reconstructing the
particle, each voxel 1s assigned to either a pore
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or a pore wall (binarization), in which the ZrO»
wall including the small channels might be
fully assigned to a dense wall without pores.
The general existence of these channels,
clearly confirmed by physisorption. can be
guessed. however, from a close-up SEM
image of the spherical mesopores (Figure S7).
Despite the rough structure, a few pore
channels of ca. 6 nm in diameter within the
large sphenical mesopores can be resolved in
mesoporous Zr(0: but not in the other two
samples (which still reveal a rough pore wall).
Yet. the low resolution of the interior pore wall
makes an unambiguous statement impossible
but the SEM images seem to support the
hypothesis that the PEO-single-chain-induced
pore channels are larger in case of Z1(a than
in case of carbon and $10,.

This stdy demonstrates that gas
physisorption and STEM-based tomography
are neither competing nor contradicting
methods but complementary ones providing a
full picture of the pore network when
combined together (see bottom of Figure 6).
In terms of pore connection, both methods grve
a different view on the pore system with
physisorption describing the pore (network)
accessibility from the exterior (including both
micro- and mesopores) while tomography
describes the local comnectivity considenng
only mesopores. Employing only one of the
two methods 1s possible but 1t should be kept
in mind that irregularities of the mesopores can
occur: For instance, from physisorption of the
here presented mesoporous ZrQ: sample
alone, a well-connected mesopore pattern as
shown in the top left of Figure 7 could be
deduced although the spherical mesopores are
actually barely merging (see STEM
tomography). Similarly, a poorly connected
mesopore system as shown in the top night of
Figure 7 could be derived in case of carbon
based on physisorption although the
mesopores are actually merged together to a
large network. [n particular with physisorption
as routine techmque, network effects like
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cavitation are commonly associated with
pootly connected pores and not with a lnghly
interconnected pore network as visualized by
the tomography-based pore skeleton, which
entirely changes the picture of the pore system
one has 1n mind. As a result, both techniques
are required for a full understanding, not only
in these soft-templated samples but in general
for mesoporous matenals.

Conclusion

In this work, we investigated the pore
system of mesoporous carbon, $10:, and 710>
powders sofi-templated with a poly{ethylene
oxide)-block-poly(hexyl  acrylate) block
copolymer and contrasted gas physisorption
and electron tomography as analysis
techmiques for pore connectivity analysis. A
detailed comparative characterization by
physisorption, SEM, SAXS, and tomography
showed that the pore size determination for
such large spherical mesopores by
physisorption 15 most reliable by assuming a
cylindrical pore geometry and post-correction
with a factor of 1.35 to consider a sphenical
pore geometry. The pore connectivity from
physisorption  following an  adsorptive
companson and hysteresis scanming revealed a
low pore accessibility i case of carbon and
510; while the ZrO: sample possessed
noticeably larger pore necks Contranly,
STEM-based tomography showed a rather
isolated pore system in case of the metal
oxides whereas the carbon powder contained a
well-connected pore network. This apparent
contradiction was resolved by reconsidering
the different views both methods provide: the
overall pore accessibility by physisorption and
the local pore connectivity by electron
tomography. The introduction of a pore model
comprising percolation paths of well-
comnected mesopores, which are connected to
other percolation paths or the extenior by the
small restricting pore channels observed in
physisorption, harmonizes both
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characterization methods and
tllustratrvely visualized.

This case study demonstrates on the basis of
three mesoporous model matenals that the
usage of gas physisorption for pore
connectivity studies alone can be misleading.
Especially in case of real materials possessing
a certain degree of inhomogeneity in the pore
structure, both physisorption and electron
tomography are required to obtan a full
picture of the pore system.

can be
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Observing a network effect in physisorption
1sotherms_ we usnally have a picture of poorly
connected mesopores in mind. Here, we
contrast gas physisorption and electron
tomography for studying the pore connectivity
of mesoporous powders and see that this
simple picture does not hold true. Instead,
well-connected mesopores can still be found
by tomography. We demonstrate that both
methods are required to derive a clear picture
of the pore system.
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Experimental Section

Synthesis of mesoporous carbon powders

The preparation of the non-graphitic carbon powder followed a protocol based on Tanaka et al.!
and adjusted in our recent study.” In a 4 mL glass vial, 114 mg of the soft template PEQq41-b-
PHA;; (synthesized in a previous study’) were dissolved i 1.7 mL of absolute ethanol (99.8%,
Fisher Chemucals) by somcation for 120 mun at 40 °C and 37 kHz. In a second wial, 198 mg of
resorcinol (99%, Sigma Aldnch) were dissolved i 522 ul. of delomzed water upon stirmng at
room temperature for 20 mun. After adding 18 pL of a 5 M hydrochlonc acid (made from 583 pL.
of water and 417 pL of a fuming hydrochlonic acid purchased from Fluka) to the carbon precursor,
the polymer solution was added as well followed by the addition of 164 pL of triethyl orthoacetate
(97%, Thermo Scientific) and 198 uL. of a 37 wt.% aqueous formaldehyde solution (10 — 13%
methanol as stabilizer, Sigma Aldrich) after brief stirnng. The reaction mixtre was stirred for 30
min at 30 °C pnor to casting into a Petn1 dish. The solution was dried for 23 h at 80 °C 1n a drying
oven yielding an intensely orange brittle residue. The latter was scratched off and transferred to a
crucible. After carbomzation 1 a muffle furnace in mtrogen atmosphere (3 h at 400 °C, 2 h at
900 °C, 1 K min heating rate each) together with a second crucible filled with ~2 g of copper
powder (99%, Acros Organics) as sacrificial reducing agent and gnnding, 102 mg of a black

powder were obtained.

Synthesis of mesoporous Zr0: powders
The ZrO, powder was prepared in the style of a protocol proposed by Cop ef al * and similar to
our previous work.” 161 mg of ZrOCl, - 8H2O (98%, Alfa Aesar) were dissolved in a mixture of

330 uL of absolute ethanol and 330 pL. of ?-methoxy ethanol (=99.9%, Sigma Aldnch) by

52

142



Publikationen

sonication at 40 °C and 37 kHz for 30 min. In a second vial. 15 mg of PEQu4-b-PHAz7 were
dissolved 1 660 pL of absolute ethanol and 170 pL of a concentrated acetic acid (99%, Carl Roth
GmbH) in the same manner. Both solutions were combined, stired for 10 mun at room
temperature, and 10 pL. of water were added. After further 10 min of stumng, the solution was
stored at 40 °C under a glass dome for two days. The gel was further dried in a vacoum oven at
40 °C for 24 h prior to calcination at 350 °C for 1 h and at 500 °C for 4 h (heating ramp each:

min ) yielding 27 mg of a gray powder.
2 K min™) yielding 27 f der

Synthesis of mesoporous Si0: powders

Mesoporous Si0, powders were prepared by soft templating in analogy to our past article * In this
sol-gel synthesis relying on the studies of Weller ef al.’ and Cop et al..* 23 mg of PEO4s1-b-PHAz70
were dissolved by ultrasonication at 37 kHz and 40 °C in 1 mL of absolute ethanol within 40 nun.
Meanwhile, 130 pL of tetraethyl orthosilicate (TEOS, 98%, Sigma Aldnch) were dissolved mn
0.5 mL absolute ethanol by stimmng at room temperature in a 3 mL PTFE cup. Both the clear
polymer solution and 40 ul. of deionized water were added to the metal oxide precursor. After
3 mun of stirning, 10 pL. of concentrated hydrochloric acid (37 wt.%) were added prior to stirning
for 1 h at room temperature. The clear solution was processed the same way the Zr(); powder was

dried and calcined resulting in cireca 35 mg of a colorless powder after gnnding 1n an agate mortar.

Characterization technigues
Nitrogen physisorption expenments were carned out at 77 K on a Quadrasorb eve (Quantachrome
Instruments, Boynton Beach, FL) while argon physisorption expennments were performed at 87 K

on an Autosorb iQ (Quantachrome Instruments, Boynton Beach, FL). The data obtained were
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analyzed with the aid of the software ASiQwin by applying non-local density functional theory
(NLDFT) on siliceous/oxidic matenals and quenched solid DFT (QSDFT) methods on
carbonaceous matenials dedicated to mtrogen and argon at 77 K and 87 K, respectively, assuming
a cylindrical pore geometry. In all cases, the pore size distribution was obtamned from the
adsorption branch by applying a dedicated metastable adsorption branch kemel, which correctly
takes into account the delay in pore condensation due to metastable pore fluid.” In case of the
nitrogen measurements for obtaining the hysteresis scans, the long measurement time results in a
temperature profile along the measurement tube being significantly different than in the reference
tube. Therefore, a linear background 1s observed m the i1sotherm (see Figure S3), which was
subtracted manually to match the initial boundary isotherm (thermal compensation). All metal
oxide samples were degassed at 200 °C for 6 h while the carbon sample was degassed at 80 °C for
12 h 1n order to remove attached water and gases prior measuring. Scanning electron microscopy
(SEM) images were obtained with a Zeiss GeminiSEM 560 microscope using an Inlens detector,
a working distance of 2.5 mum, and an acceleration voltage of 1 kV. To enhance the conductivity,
samples were sputtered with platinum using a Leica EM ACEG00 sputter coater. All images were
evaluated with the Fiji ImageJ software. Small-angle X-ray scattering (SAXS) measurements were
carned with the laboratory SAXS mstrument SAXSpoint 2.0 by Anton Paar using pomt-focused
(spot size of 500 pm) and slit-collimated Cu Ka radiation (A = 0.154]1 nm) from a microsource
operating at 50 W and a Dectris EIGER? R 1M hybnd pixel area X-ray detector. Powder samples
were placed into an Anfon Paar solid sample holder comprising a 1 mm thick metal plate with 20
squared holes mounted on a motonzed X/Y-stage. The sample plate was sealed at both sides with
a vacuum-tight sealing tape. SAXS mmages of the samples and the background (sealing tapes) were

recorded i vacuum (around 1 mbar and 253 °C) at a sample-to-detector distance of 575.65 mm.
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Per each sample and background, respectively, 15 single images with two minutes exposure time
each were recorded, averaged, and radially integrated 1n order to obtain the 1D-SAXS curves. The
scattering curves were fitted using the software S.45fir 0.94. 1] with a model consisting of a form
factor for spheres with a Gaussian size distribution and a lattice factor applying the mmplemented
decoupling approximation. Scanming transmission electron mucroscopy (STEM)-based
tomography was executed with a Thermofisher Scientific Themis 300 transmission electron
microscope equipped with probe aberration correction and operated at an acceleration voltage of
300 kV. Each powder (around 10 mg) was ground, suspended in ca. 5 mL of absolute ethanol, and
about three drops of the suspension were dropped on a 100 x 400 mesh carbon-coated copper gnd
purchased from Quantifoil Micro Tools GmbH. Gold nanoparticles (dagsp = 6.5 nm) were
deposited onto the sample as fiducial markers for image alignment. The gnd was cleaned twice for
30 s using a Fischione 1070 plasma cleaner in argon-oxygen atmosphere with a power of 50%. A
high-angle annular dark-field (HAADF)-STEM tilt senies was acquired over a tilt range of —74° to
64° (step size: 2%) and with a pixel size of 1.6]1 nm using the Xplore3D software (Thermofisher
Scientific) with auto focus and tracking before acqusition. A small converge angle of roughly
8.5 mrad was used to increase the depth of focus. With the aid of the gold nanoparticles, 1image
alignment was done 1n IMOD Version 4.11.7 (University af Colorada) with a residual alignment
error of 0.699 nm (0.434 px). The 3D reconstruction (with a voxel size of (1.61 nm)’) was obtained
from the ahgned tilt senes with the simultaneous iterative reconstruction techmque (SIRT) and
100 sterations i Inspect 3D 4.4 (Thermafisher Scientific). Denoising with a median filter in ImageJ
and binanzation by global thresholding m Avize 2021.1 (Thermafisher Scientific) of the
tomograms yielded an mitial segmentation. The segmented volume was punfied by removal of

unconnected islands smaller than 15 voxels, which ongmate from reconstruction artifacts.
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Skeletonization of a cropped region of the image stack was executed as reported by Cheng et al.®
using JToollP with MAVIGr 2024 (Fraunhofer ITWM) m order to elucidate the local pore
connectivity. Pore and wall size distributions were obtained with a local thickness evaluation using
the corresponding plugin in fmageJ after subtracting the background with a Python code applying
a rolling ball radius of 15 pixels (24.2 nm) as recently described by us.® Simulation of the scattering
curves based on a cropped cube of the reconstruction followed a mumerical Fourer

transformation'” and a Python-based code as reported elsewhere in detail !
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Supplemental Data

Table S1. Overview on and details about the DFT evaluation models used for deducing the pore
size distrbutions from the respective physisorption 1sotherms (according to the ASiQwin operating
manual). The value in the pore scheme of the hybnd kemels reflects the upper limit of the small

pores and the lower limit of the large pores (transition pore size).

) Branch Pore Pore S1ze
Adsormptive Adsorbent Pore Scheme
(Method) Geometry Range
Adsorption .
Arat 87K Carbon Cylindrical <27 nm
(QSDEFT)
Adsorption  Cylindrical/ B -
Arat87K  Carbon _ <50 nm @_JJ
(QSDFT) spherical
Adsorption .
Nrat TTK Carbon Cylindrical <33 nm
(QSDFT)
Naat77K Carbon _ <50 nm @_J\)
(QSDFT) spherical
- Ads -Oﬂ ) ) I.' %
Arat 87K Silica Cylindnical  0.35— 100 nm [ ]
Arat87K Silica ph 035—-40mm |>20m ‘
(NLDFT) cylindncal .
Nrat T7TK Silica Cylindnical  0.35— 100 nm | |
Nrat T7TK Silica 0.35 —40 nm 5 nm |
(NLDFT) spherical
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Figure S1. Pore size distnibutions of mesoporous (A) carbon, (B) ZrO», and (C) S10: derived from

the adsorption branch of nitrogen (77 K, green) and argon (87 K, red) isotherms with a DFT kernel

for cylindrical pores (top) and a hybrid kemel assuming sphenical/cylindrical pores (bottom).
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Figure S2. Comparison between measured (dotted line) and fitted 1sotherms (solid line) of

mesoporous carbon (left), ZrO: (middle), and 510: (right). The fitted 1sotherms base on eight

different DFT kemels applied on the adsorption branch each: (A, D, G, J) a QSDFT kemel for

carbonaceous materials while for the remaining plots an NLDFT kemel for siliceous materials was

used; the hybrid kemels in (D, J, K, and L) assume a cylindrical/spherical pore geometry while in

(E and F) a sphenical/cylindrical geometry 1s assumed.
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and four desorption scans (open symbols) each. Partial adsorption branches are omutted for clanty.
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Figure 54. Comparison of the pore size distnbutions of mesoporous (A) carbon, (B) Zr0,, and (C)

510z derived from the adsorption branch (filled symbols) and desorption branch (open symbols)

of the argon 1sotherm with a DFT kemel for cylindncal pores (top) and companson of the pore

size distributions obtained from the desorption branch of the argon (red) and nitrogen (green)

1sotherm with a DFT kemel for cylindnical pores (bottom).
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Upper Slice

Middle Slice

Lower Slice

Figure S5. Selected slices along the z-axis through the entire 3D-reconstructed particle of

mesoporous carbon (left), ZrO: (muddle), and S5i0: (nght) obtained from STEM-based

tomography.
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Figure S6. Visualization of the pore skeleton of mesoporous carbon obtained from STEM-based

tomography. While the entire pore skeleton i1s shown 1n red, isolated pores are given as black dots.

Si0,

microchannels not hints of ~6 nm microchannels not
properly resolved by SEM  mesochannels by SEM  properly resolved by SEM

@ & @

Figure S7. SEM images of mesoporous carbon (left), ZrO: (muddle), and Si0> (right) and
schematic representation of a single spherical mesopore containing differently sized PEO-induced

channels. Red arrows in the SEM image of mesoporous ZrO; highlight these channels.
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Mesoporous Carbon Thin Films with Large Mesopores as
Model Material for Electrochemical Applications

Lysander Q. Wagner, Joshua Schober, Pascal Dippell, Chantal Glatthaar, Smail Mekhilef,
David Schifer, Hannes Hergert, Marcus Rohnke, Matthias T. Elm, and Bernd M. Smarsly*

The synthesis of mesoporous carbon thin films is proposed on titanium plates
with well-ordered 70 nm mesopores via soft templating of resol resins with
poly (ethylene oxide)-block-poly (hexyl acrylate) copolymers. Surprisingly,
regular carbonization in pure argon suffers from a metal substrate corrosion
not yet abserved in literature. This corresion phenemenen is investigated by
secondary ion mass spectrometry, electron microscopy, and X-ray diffraction,
and it is identified that the introduction of carbon monoxide into the
carbonization atmosphere as successful approach to suppress substrate
corrosion without changing microstructure, composition, or pore structure of
the non-graphitic carbon. The model electrodes, which consist of a

200-300 nm thick mesoporous carbon layer, the titanium substrate, and a
200 nm thick titanium carbide interphase, are tested for their suitability as
electrocatalyst support: The electric transport through and along the thin film
is investigated by impedance and Hall measurements and contrasted to
similarly mesoporous IrO; thin films. Accessibility of the pore system and
electrochemical stability under acidic water-splitting conditions are studied by
SIMS and cyclovoltammetry, respectively. The mesoporous carbon thin films
reveal a conductivity similar to IrOy, high stability, and (tunable) accessibility,
rendering them a promising model system for several applications like

1. Introduction

In the framework of energy transition, hy-
drogen might play a major role for tempo-
rary energy storage if so-called green en-
ergy (from wind or solar power plants) is
corverted to hydrogen in case of an over-
supply. This hydrogen can be stored eas
ily until the energy demmand requires a re-
cotwversion of the chemical energy into elec-
tric energyt¥ In acidic water electroly-
sis, though, precious catalyst materials are
needed, like iridium dioxide for the anodic
acygen evolution reaction (OER) ! To save
critical and expensive materials, a substi-
tution by a non-critical yet conducting cat-
alyst support is desired, on which the ac-
tual catalyst is deposited in small quantities
{for instance, by atomic layer deposition).

Ordered mesoporous carbon seems to
be a particularly promising medel material
as a catalyst support due to the large sur-
face area,**! a high mechanical and chem-

electrocatalysis and sodium-ion batteries.
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ical durability,"! and its abundance. Con-
sequently, mesoporous carbon has been
studied for several applications, even be-
yond water spliting. As summarized in
Figure 1, such mesoporous carbon films can be used among
others for pollutant removal {like heavy metal ions),“! heteroge-
neous catalysis (e.g., olefin hydration),I”! gas storage (for instance,
hydrogen storage for fuel cell vehicles),[®] electrocatalysis, [l and
electrode materials for capacitorsi*®l and sodivm-ion batteries.*!

While in the first three applications a metal substrate is not
required (but from an industrial point of view desirable when
considering stainless steel reactors), a conductive substrate is
mandatory for the remaining three applications (as an electro-
catalyst, capacitor, or battery material) to ensure an electric con-
tact. For this reason, we present a specially designed synthesis
of carbon thin films with well-ordered 70 nm mesopores opti-
mized for a metal substrate. Please note that the large spherical
pores in this study (partly) lie in the macropore regime according
o the IUPAC definiion of mesopores (2-50 mm). However, the
term “mesopores” is still used herein to avoid confusion withvery
large pores (hundreds of nanometers) when talking of “macop-
ores”, and with hierarchical pore systems when talking of “meso-
Jmacropores”. The synthesis is not trivial due to possible sub-
strate corrosion, which we identified as an unexpected obstacle
and might have been overseen in previous studies. The majority

£ 2025 The Authoris). Advanced Functional Materials published by Wilsr-VCH GmbH
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Figure 1. Possible applications of mesoparous carbon thin films deposited on metal substrates.

of articles on resin-derived carbon thin films base on samples
prepared on silicon wafers, quartz glass, glassy carbon, and
polyjethylene terephthalate),® '] in which no alterations of the
substrate were observed. Even works about carbon deposited on
metal substrates such as stainless steel”] and copper?®l do not re-
portsuch a corrosion, which either might not have ocowrred there
or remained undiscovered underneath the thick carbon film of
400700 nm in size.

The template-based preparation of porous carbon materials
seems to be well established, but there are still challenges
in the synthesis, which are related to the transition from or-
ganic precursors (here: phenolic resins) to an amoerphous and
finally crystalline (“graphitic™) carbon. It was particularly Hel-
mut Cilfen who-as a pioneer—proposed and finally proved the
groundbreaking idea that even highly ionic crystalline solids,
suchas CaCOy,®*! may form through an amorphous partide, em-
phasizing the relevance of such pre-nucleation clusters* for
the final material in nature. Interestingly, this concept holds true
for the carbonization of organic materials, as some hydrocarbon-
based materials, upon high4emperature treatment up to 3000 °C,
form graphite while surprisingly others stay at the stage of non-
graphitic carbons.*4+** Those graphene-based carbon materials
which do convert into graphite, namely “mesophase pitch” for in-

Adv. Funct. Mater. 2025, 621031 221031 (2 of 22)

stance, in essence, can — or need to— be interpreted as “mesocrys-
tals” according to the concept introduced by Helmut Colfier.[3-28]
Since the conversion into graphite requires the parallel mutual
arrangement of graphene stacks, and since their dimension com-
monly is on the nanometer scale, concepts of "non-classical crys-
tallization™ must be induded for understanding the transition
from amaorphous to crystalline carbon via the intermediate for-
mation of such “graphene mesocrystals™.

Also, the templating of carbons using block copolymers in-
volves questions similar to Colfen’s studies on manipulating
biomineralization of basic inorganic compounds by block copoly-
mers: the block copolymer micelles used as terplates here might
interact with the surrounding carbon precursor and also form
carbonaceous species and thereby affect the transformation of
amorphous carbon into graphene sheets, Le, a “crystallization”
process. P34 Thus, we try to elucidate — similar to the polymer-
mediated bionineralization and "non-classical crystallization” —
the impact of the block copolymers on the carbonization.

Although soft templating is used for preparing mesoporous
carbon for 20 years,* most studies are restricted to small meso-
pores below 10 nmachieved with Pluronics polymers [45-728.43-4¢]
which might suffer from slow diffusion of reactants through the
pore system.[*#8 The step toward larger mesopores of 30-70nm

i 2025 The Author(s). Advanced Fundional Materiaks published by Wiley-V'CH GmbH
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comprising a still high surface area and ideally, a less restricted
mass fow within the mesopores is possible by using different
soft templates such as poly(ethylene cxide)-block-poly|styrene)
(PEO-b-PS),P4 poly (styrene)-block-poly(4-vinylpyridine) (PS-b-
P4VP)* and polyjethylene oxide)-block-polyfhexyl acrylate)
(PEO-b-PHA)" block copolymers. With the aid of the latter, we
recently investigated the pore structure in mesoporous powders
of metal oxides,™! and successfully realized the synthesis and
characterization of lignin-derived mesoporous hard carbons with
variable pore sizes between 20 and 50 nm, applying soft tem-
plates of the PEO-b-PHA family.! However, these hard carbons
possessed only isolated spherical mesopores, which appear to be
beneficial for application in sodium-ion batteries*2! but are dis-
advantageous for electrocatalytic applications, in which pore ac-
cessibility for reactants has tobe ensured. Otherwise, the catalytic
activity decreases consecutively upon lowering the accessibility of
the pore structure as recently shown for mesoporous carbon par-
ticles prepared from poly(styrene)-block-poly(dimethylsiloxane)
copolymers. 3]

With regard to electrochemical applications, the synthesis of
hard carbons with large mesopores®*!] has to be combined
with a protocol for obtaining mesoporous carbon with accessible
pores®l and then converted to a thin film procedure. Frequently
studied carbon materials — typically, derived from phenolic resins
— feature an accessible pore system in contrast to the aforemen-
toned lignin-derived carbon and were already prepared in form
of a thin film in the past™*#%l ayen though pore shape and/or
size differed from that targeted here (large spherical mesopores
of 70nm in diameter). In literature, the majority of ordered meso-
porous carbon films used as support for electrocatalysis were ap-
plied for the cathodic hydrogen evolution reaction (HER) so far
but not for the anodic OER counterpart”*! The obvious reason
represents the fact that carbon typically gets oxidized to carbon
dioxide (and partly carbon monoxdde and surface cxygen species
as well) if an oxidative (anodic) potential is applied F**"1 Yet, car-
bon possesses alarge varietyin its chemical nature (e.g., graphitic
in contrast to non-graphitic carbon), and so, carborn’'s stability in
electrocatalysis differs as well, e.g., with a delayed carbon corro-
sion in case of graphitized carbon felts (corrosion starting from
1.2V vs. RHE instead of Ey= 0.2 V).5*] Therefore, a resorcinol-
derived mesoporous hard carbon thin film might be suffident to
withstand the harsh electrocatalytic conditions of the acidic OER
fi.e., pH of 1 and 1.2-1.4 V vs. RHE). By using a self-synthesized
PEQ,5-b-PHA g block copolymer as soft template, we success-
fully prepared both mesoporous powders and thin films with
circa 70 nm spherical pores on titanium plates.

Combining secondary ion mass spectrometry, electron mi-
croscopy, and X-ray diffraction, the substrate corrosion and strate-
gies to avoid it were explored. Based on thermogravimetty cou-
pled with mass spectrometry, we comprehend how the resin
is transformed to the final carbon material while the (also or-
ganic) soft template is decomposed. Contrasting these findings to
gas physisorption experiments of templated and nontemplated
carbon powders, we propose a detailed picture of the observed
pore systemn, in which the intrinsic micropores of the resorcinol-
derived hard carbon might play a major role in connecting the
spherical mesopores. Next to an in-depth characterization of the
carbon microstructure of the powder material by Raman spec-
troscopy and X-ray diffraction, we investigate the resulting prop-
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erties of the thin film counterpart: While infiliration with a trac-
ing electrolyte reveals insights into pore accessibility, the elec-
tric conductivity is studied by impedance spectroscopy and Hall
measurements, and the stability under OER conditions is tested
by cyclic veltammetry and electron microscopy. By these experi-
ments, we study if mesoporous carbon thin films might fulfill the
prerequisites of an electrocatalyst suppaort — namely, an accessi-
ble pore system combined with a stable and conductive carbon
skeleton, and thus might act as a promising material for electro-
catalytic applications like the addic OER.

2. Resulis and Discussion

2.1. Synthesis of Mesoporous Carbon

Ordered mesoporous carbon powders and thin filims were pre-
pared by a soft ternplating approach according to Tanaka et al.
based on a resorcinol-formaldehyde resin as a carbon precursor
The amphiphilic block copolymer PEQ;,;-b-PHA, 5, (subscripts
denote the number of repeating units according to the NMR anal-
ysis in Figure S1, Supporting Information) applied as soft tem-
plate was obtained by a supplemental activator reducing agent
atom transfer radical polymerization (SARA ATRP) analogue to
our recent study.F!] As illustrated in Figure 2, resorcinol and
the soft template are independently dissolved prior to the com-
bination and addition of triethyl crthoacetate (as pore-stabilizing
agent™), and an aqueous formaldehydesolution fas cross-linker).
For the synthesis of powders, which are required as a reference
for deeper structural characterizations, the solution was directly
dried in an oven, while for the preparation of the thin films, the
reaction mixture was spin-coated on a polished titanium plate
(as a conductive substrate) before drying. In both routes, drying
at 80 *C promotes add-catalyzed thermopolymerization of resor-
cinol and formaldehyde, yielding a resol resin in the space be-
tween the soft template "5 The resin is then converted to a
non-graphitic carbon (NGC) during the following heating step
under an inert gas atmosphere, whereas the soft ternplate is re-
moved. The soft ternplating process, based in case of both powder
and thin film on the evaporation-induced self-assembly (EISA)
mechanism:FL#% The block copolymer, which dissolves ini-
tially as a statistical coil in ethanol, undergoes micellization upon
solvent evaporation (at 80 “C).["Y These micelles arrange them-
selves in an ordered, closed-packed array during procesding evap-
oration and decompose selectively in the anaerobic carbonization
step, yielding a mesoporous carbon pattern.

The soft templating procedure is not straightforward as it re-
quires a selective built-down of only one organic phase (soft tem-
plate) within a second stable one (resin), and the question thus
arises if the soft template fully decomposes during the heating
procedure. To answer this question, we coupled a thermogravi-
metric study with mass spectrometry of the released products
(TG-MS5), which reveals the underlying processes. The TG-MS
experiment tells not only which fragments are released at which
temperature but is also capable of checking the overall suita bility
of the heating ramp used in the synthesis, L.e., if the dwell times
are properly chosen. Following the TG curves of the pure tem-
plate, the pure resin, and the reaction mixture containing both
(Figure 3) along the heating ramp, four steps become apparent:
(1) remaoval of residual sclvents and volatile spedes, (2) extrusion

£ 2025 The Authoris). Advanced Functional Materials published by Wilse-VCH GmbH
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Figure 2. Overview on the synthesis of mesoporous carbon powders and thin films from resorcinol-formaldelyde (rescl) resins with poly (ethylene

oxide)-block-poly (hesy | acrylate) as soft termplate.

of water (by further condensation), (3) template decomposition,
and {4) heteroatom removal during carbonization.

Until 2200 °C (below 175 min), a mass loss of 1096 (reac-
tion mixture) and 12% (pure resin) is detected, which can be at-
tributed to solvent removal following the MS signal of the wa-
ter radical cations (mjz = 18) and the ethancl fragments (e.g.,
iz = 31). In the case of ethanol, the fragment ion with mfz = 31
{protonated formaldehyde) is more reliable than the ion with myz
= 27 |ethylene cation), which also shows an increased intensity
below 200 *C but could be confused with the ethylene cation re-
leased from the PHA block according to the fragmentation pat-
tern in Scheme 51 (Supporting Information). Additdonally, the
release of residual formaldehyde (m /z = 30) can be found in this
regime at =80 °C (see pure resol scan in Figure 528, Supporting
Information). Starting frorm 200°C (after 175 min), a second wa-
ter release step ocours (mjz = 18), which can be attributed to fur-
ther condensation reaction in the resol resin. Indeed, *C-NMR
studies of Meng et al. confirm further cross-linking in phenalic
resins below 350 °C.[%] These yield a mass loss of circa 16% (reac-
Hon mixture) and 23% {pure resin), respectively. However, in the
cage of the reaction mixture, this step overlaps with the decom-
position of the soft ternplate (circa 18% mass loss) starting from
300 °C {275 min). The choice of unarmbiguous tracing ions indi-
cating template removal arises from the proposed fragimentation
pattern in Scheme 51 {Supporting Information) and is confirmed
by the individual TG-M 5 scan of the pure template in Figure 52A
{Supporting Information): Following a thermal depolymerization
of the PHA block and subsequent electron impact ionization, a
hexyl aaylate cation is formed, which can be built down to either
a hexyl cation (m/z = 85) or an ethylene cation (in/z = 27). Both
ions are clearly detectable (Figure 524, Supporting Information)
and possess an almest identical intensity evolution (both posi-
tion and shape) during heating. Thus, a commeon source of both
ions, such as the PHA block built down, is reasonable rendering
these ions suitable for tracking the PHA block decomposition.
The PEQ block can be combusted according to two mechanisms
shown in Scheme 51 (Supporting Information): either a thermal
depolymerization releasing ethylene oxide cations (m/z = 44) ar

Adv. Funct. Mater. 2025, 621031 221031 (4 of 22)

via a-C-H transferd®] yielding several small aldehydes and al-
cohols. Among these, the generated ethanol produces the same
fragment ions as the solvent before, which is the reason why an
ion with mjz = 31 is observed next to the ethylene aride cation
(mz=44) in Figure 524 {Supporting Information) and Figure 3.
Due to PEO's hygroscopic character, a water release (mjz = 18)
can be detected during PEO decomposition. Since this signal is
also found in the scan of the pure soft template (Figure 524,
Supporting Information), this ion can be assigned to the poly-
mer and not to further resin cross-linking in Figure 3. Also, the
intensity evolution of signals 44, 31, and 18 are all centered at
390 *C (Figure 524, Supporting Information), hinting at a com-
mon source. From this individual scan, it becornes apparent that
PEC decomposes slightly (=10 °C) before the PHA block Regard-
ing the scan of the reaction mixture in Figure 3, both PEO and
PHA combustion can be confirmed while monitoring the PEO
fragments {mfz = 44 and m|z = 31), parallel water release from
hydrophilic PEC (mfz = 18}, and PHA fragments (m/z = 27), in-
dicating removal of the entire template (both polymer blocks). A
final mass loss of 14% (reaction mixture) and 19% {pure resin)
starting fromm 450 °C (605 min) can be assigned to heteroatom re-
moval from the resin following the cationsm fz= 44 and mjz=18
as shown in the fragmentation pattern in Scheme 31 (Supporting
Information). Such further coss-linking of the aromatic benzene
rings at higher temperatures is in alignment with *C-NMR and
infrared specira in the literature.[*

A guarntitative consideration of the mass losses is challenging
because the starting composition (exact mass ratio of polymer to
resin) used for TG-M S {after drying at 80 °C) is unknown. A semi-
quantitative comparison between the reaction minture and pure
resin, however, is possible if a normalization on the first or last
mass loss is performed (Table 1).

Mormalizing on the first rmass loss (10%8) of the reaction mix-
ture {last column in Table 1), which is especially in the case of
the pure resin, relatively well separated from the pronounced
condensation step, the 14% loss in the mixture is contrasted
to 16% (initially 19%6) mass loss in the pure resin. This sug-
gests a more advanced heteroatom removal in the non-templated

i 2025 The Author(s). Advanced Fundional Materiaks published by Wiley-V'CH GmbH
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lated to the release of water, ethanal, ethylene oxide, and PHA fragments
from the reaction mixture are displayed, and processes describing solvent
evaporation and condensation reactions (blug), polymer decompasition
(green), and heteroatom remaoval during carbonization {orange) are high-

lighted.

sarnple, which is in alignment with our recent study."" Also, ki-
netic studies of Vogt and co-workers derived from infrared spec-
troscopy confirm a delayed cross-linking of the resin in the pres-
ence of a soft template'"] However, a mass loss of 18% in the
reaction mixture connected to polymer decomposition jsecond
colurnn in Table 1) hintsat an incomplete template removal since
avalue of 25 — 37% is expected. This expected value derives from

Adv. Funet. Mater. 2025, 21031 221031 (5 of 22)
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Table 1. Observed mass losses of the templated {meso) and non-
temnplated sample {dense) according to thermogravimetry during (1) sol-
vent evaporation, {2) condensation, (3} template removal, and (4] car-
bonization. Additionally, these experimental values are normalized to the
mass loss of the densesample during carbonization (fourth column) and
to the mass loss of the mesoporous sample during solvent evaporation
{fifth column) for comparison.

observed Am corrected Am
stap meso denze s demse
(] -To% =-12% -d% =lo%
(2) -16% -13% -12% -18%
(3) -18% - -% -
(4) =143 =19% =19% ~ 1636

a gravimetric consideration if the weight fraction of all compeo-
nents in the initial reaction mixture is regarded (Figure 4). Fol-
lowing the redpe of a mesoporous powder in the experimental
section, the soft template contributes 4.4 wt.% to the mixture,
Assuming that ethanol, water, the aqueous formaldehyde solu-
tion, and the 5 M hydrochloric acid {composed of 0.7 wt.% wa-
ter and 0.1 wt.% HCl compared to the entire mixture) represent
volatile components during drying at 80 °C, 82,3 wt.% of the mix-
ture’s mass are removed while 17.7 wt.% remain in the resin
residue after drying. The share of the soft template to the mix-
ture is thus inareased to 25% after removal of the volatile species
(4.4 w36 vs. 17.7 wt.3%). In the actual synthesis, the weight of
the mixture after drying dropped even stronger than the expected
values in Figure 4. Both the batch with and without soft tem-
plate experienced a weight loss being 5 wt.% higher although
residual solvent is still present in the resin according to TG-
M5 (Figure 3). The reason might be the release of water during
thermopolymerization and thus condensation of resorcinol and
formaldehyde.[*'] Consequently, the share of soft template in the
resin could increase to even 37% (4.4 wt.% vs. 12.0 wt.26) yield-
ing overall the aforementioned expected mass loss of 25-37%.
Even though this argumentation daims soft termplate residues to
be present in the final NGC {or a fraction of template being car-
bonized as well), an (at least partly) degradation of both blocks
can be clearly concluded. Yet, NMR studies in literature demon-
strated that PEQ can be entirely decomposed within a phenclic
resin %]

Alternatively, if a similar carbonization behavior in both sam-
ples is assumed, i.e., normalization on the lastmass loss (of 19%)
of the pure resin (third column in Table 1), 24% (initially 18%)
of mass is lost due to the soft tem plate suggesting a full template
removal if compared to the theoretical values discussed above.
In summary, the analysis of the TG curves leads to the interpre-
tation that either carbonization is less advanced while template
residues might be present or that the soft template is fully re-
moved, assuming a similarly advanced carbonization of the NGC
skeleton in both the non-templated and mesoporous carbor. Al-
though the question of a quantitative termplate removal cannot be
answered accurately, this TG-M S study still confirms the suitabil-
ity of the heating ramp as a plateau is reached both after template
and after heteroatom retnoval, implying that longer heating steps
would not lead to further improvements.

£ 2025 The Authoris). Advanced Functional Materials published by Wilse-VCH GmbH
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2.2. Carbon M icrostructura

Verifying the presence of graphene stacks formed during car-
bonization {at 800 °C) and required for electric conductiv-
ity, and a possibly larger extent of these stacks in the non-
templated sample requires a detailed carbon microstructure anal-
ysis. The electron image in Figure 5A obtained by transmis-
sion electron microscopy (TEM) confinns that graphene stacks

but a statistical and reliable interpretation at a global level is
only possible by other methods. In this regard, Raman spec-
troscopy can help to give a first statement However, due to
the small sample quantity in a thin film, this characterization
is restricked to the powder state. Both samples possess a pro-
nounced D #1340 arr!) and G band (%1590 cm-Y) in the Ra.
man spectra (Figure 5C) as well as the typical overtones be
tween 2500 and 3000 cm-! frequently observed in non-graphitic

are present in the mesoporous carbon powder at a local level,  carbonF2E7-7
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Figure 5. A} TEM image of mesoperous carbon powder with an exemplary graphene stack highlighted in white; the micrestructure of this non-graphitic
carbon (NGC) is sketched underneath. B) XRD pattemns of non-templated (black) and mesoporous (gray) carbon powder (bladc) carbonized at 800 =C,
as well as a fit of the latter according to an algorithm based on Ruland and Smarsly (ref.[7&]) in the inset. C) Raman spectra of the non-templated {dark
color) and mesoporous powder {light color) measured with an excitation wavelength of 633 nm (red) and 515 nm (green} shown with a scheme of an
average graphene stack in NGC based on the XRD and Raman s pactroscopy results in the inset.
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The presence of the graphitic lattice mode (G band) and the
defect-based D1 band already confirms the presence of graphene
stacks, but their evaluation is only possible by a deconvolu-
ton of the overlapping D4, D1, D3, and G band (the D2 band
is not expected here due to the comparably low carbonization
ternperaturelF 68712 Applying two excitation wavelengths (633
and 515 nm) bakes up the evaluation as multiple correlation
curves can be used for determining the intensity ratio of the
D1 to the G band.[¥] The deconvolution (Figure 53, Support
ing Information) yields the D1 and G band position (633 nm)
as well as the intensity ratio of the D1 to the G band Iy, I
{both 633 and 515 nm), from which the extent of the graphene
sheets can be estimated by comparison with the empirical corre-
lation curves of Schuepfer et all*] and Osswald et allU% shown
in Figure S4 (Supporting Information). Comparing the non-
templated {dense) sample with the mesoporous one, the G band
is slightly shifted to larger wavenumbers while the D1 band is
shifted to smaller values; also, the intensity ratio I,y I.~! iz a bit
higher. All these wends hint at a slightly larger layer extent in
case of the non-templated sample. The larger graphene sheet ex-
tenit in the non-templated powder confirms the assumpton of a
lower heteroatom removal drawn from TG-MS and is in align-
ment with our previous study!*?! on lignin-derived hard carbons.
In absolute values, however, the effect is rather small: Depend-
ing on the applied correlation curve, an average graphene layer
egtent L, of 2.5-3.5 rm is obtained (see Table 51, Supporting In-
formation) with the dense sample possessing a slightly larger L,
value (by 0.1-0.2 nm). Yet, a recent wide-angle neutron scatter-
ing study showed that the correlation curve in Figure 544 (Sup-
porting Information) overestimated L™l and a value of 1.3 nm
might be more reasonable, Generally, the Raman-based estima-
ton is affected by two major drawbacks: (1) Defects influence the
Raman spectrum and thus, the regarded correlations depend on
the applied carbon precursor.!“”l This becomes particularly ap-
parent from the deviation of the empirical values from the cal-
ibration curve in Figure S4C {Supporting Information) and the
difference between pitch- and resin-based carbons®"l hampering
the evaluation of the 515 nim spectra. (2) Furthermore, the corre-
lation curves of G band position and intensity ratio are not uni-
versal, Le., yield two L, values in most cases. In this work, the
smaller layer extent of 1.5-3.5 nm is rather obviously preferred
over the large one beyond & nm according to comparable carbon
samples in literature prepared at a low carbonization tempera-
ture (800 *C), resulting in =2 nm graphene layers.F*<'] Addition-
ally, the TEM image in Figure 5A shows only occasionally small
graphene stacks of L, = 1.5 nm in diameter, supporting this the-
ary. Mevertheless, the graphene layer extent from Raman spec-
troscopy possesses a large uncertainty and hence needs further
confirmation.

Wide-angle X-ray scattering (WAXS), therefore, is a powerful
tool to not only validate the Raman-based L, value but also to
gain deeper insights into various microstructure parameters of
such turbostratic carbons.7™ By fitting the WAXS data with
an algorithm based on Ruland and Smarsly™ with the aid of
the CetCarb scripti™! and the GNU Octave software [ the aver-
age graphene layer extent [, the average interlayer spadng a,,
and the average stack height L_ can be determined among oth-
ers (Table 52, Supporting Information). Doing that, the WAXS
data in Figure 5B comprising the (002) reflection from inter- as
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well as the (10) and (11) reflection from intralayer scattering can
be fitted as shown in the inset for the mesoporous powder (and
Figure 55, Supporting Information for the non+emplated sam-
ple), which delivers slightly more advanced graphene stacks in
the nontemplated carbon with L, = 1.9 nm (vs. mesoporous
carbon: L, = 1.8 nm), 4, = 0.37 mmn (mess 0.37 nm), and
L. = 0.74 nm (meso: 0.84 nm). Thus, the aforementioned hy-
pothesis of a slightly restricted carbonization due to soft templat-
ing is confinmed, as well as the presence of nano-sized graphene
stacks in both samples. In conclusion, graphene stacks of 22 nm
in width and 1 nm in height can be found in this non-graphitic
carbon, corresponding to the illustrated stack in the inset of
Figure 5B and agreeing with both the example in the TEM im-
age in Figure 5A and comparable samples in literature®**’] car-
bonized at 800 “C. These graphene stacks play an important role
in introdudng electric conductivity into the material and thus are
necessary for an application as an electrocatalyst support

2.3. Morphological Investigation of the Mesopore Structure

So far, the carbon micostructure has been intensively irvesti-
gated, but notthe targeted mesoporous morphology. Concerning
the powder sample, several characterization tools are applicable
such as (scanning and transmission) electron microscopy (SEM
and TEM) and gas physisorption. Both the SEM and TEM image
in Figure &A and B reveal an ordered pore system with spheri-
cal pores of 60 nm in diameter. Taking our previous studies of
PEO-h.PHA-derived metal cxides™! and carbon™¥ into account,
pore size and shape observed in this work are in good agreement
with the previous works. The fact that the TEM-based pore size
is slightly larger than the SEM-based one — although still being
within the experimental error comparable — mightbe duetoa sys-
tematic underestimation of SEM-derived pore sizes because the
breaking plane resulting in the spherical cavities at the surface
{observed in Figure 64) in most cases does not cut the spherical
pore along the center, i.e., along the maximum perimeter.

In contrast to a thin film, a powder sample enables a precise
physisorption measurement, drawing a global picture of the pore
structure. The nitrogen isotherm (Figure 6C) supports the pres-
ence of a mesoporous material according to the hysteresis loop.
Although a significant cavitation phenomnenon becomes appar-
ent, claiming a poor pore accessibility through narrow bottle-
necks analogous to comparable silica powders ! the significant
mesopore volume confirms that the mesopore network is acces-
sible at all in difference to comparable lignin-derived carbons.P?!
Furthermore, the isotherm states that a significant number of
micropores is present as well, which could be assigned to mi-
cropore channels induced by PEO single chains similar to meso-
porous silica sarnples P! However, a comparison with the nitro-
genl isotherm of the nontemplated carbon powder (black dots
in Figure 6C) evokes the hypothesis that these micropores orig-
inate from intrinsic cracks of the hard carbon. These intrin-
sic miqopores featuring a larger surface area than mesopores
of the same pore volume also explain the higher specific sur-
face area of the nontemplated sample compared to the meso-
porous one in Figure 6C. The micropore volume of both pow-
ders matches almost perfectly, whereas lignin-derived hard car-
bons do not possess any (accessible) microporosity if prepared
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Figure 6. A) SEM and B) TEM image of mesoporous carbon powder. In addition, C) the nitrogen isotherms at 77 K of the mesoporous powder (gray)
is contrasted to that of the non-templated (dense) one (black). The D) argon isotherm at 87 K of the mesoporous sample and (E) the corresponding
pore size distribution obtained from the adsorption branch applying a QSDFT hybrid kemel for cylindrical /spherical pores are shown for deeper pore

analysis as well.

without a soft template.[! If prepared in a mesoporous fashion,
different amounts of microporosity are observed by physisorp-
tion depending on the template used to prepare these lignin-
derived carbons."?! Still, the MS signal (m/z = 44) in Figure 3
clearly confirms a PEO decomposition here, which is in align-
ment with NMR studies of resin-derived carbons in literature [<"]

thermopolymerization

precursor solution dried resol resin

template removal

butapparently does not increase the micropore volume per gram
carbon compared to the non-templated reference powder. This
contradiction can be resolved by the templating model sketched
in Figure 7: Upon heating at 80 °C, the solvent evaporates while
aoss-linking of the carbon precursor takes place simultaneously.
As a result, a closely packed pattern of polymer micelles forms,

carbonization

mesoporous carbon

mesoporous resin

Figure 7. Schematic evolution of the pore structure during template removal and carbonization converting template-based micropores to intrinsic

© resorcinol o formaldehyde = PEO — PHA
micropores.
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embedded in the resol resin. During the first heating ramp under
inert atmosphere, the soft ternplate is removed (see TG-MS study
in Figure 3), yielding a pore structure in which mesopores are
connected by micropore channels. This situation depicted in the
third irnage of Figure 7, represents the pore structure of amor-
phous mesoporous silica®!! Increasing the temperature even
further leads to a collapse of these micropores, while intrinsic
micropores are formed during carbonization. These intrinsic mi-
cropores are often interpreted as voids between graphene stacks
according to a house-of-cards model "™ and indeed, a signif
icant microporosity is frequently observed in comparable hard
carbons[*"] Consequently, a homogeneously microporous car-
bon skeleton is obtained, explaining the same amount of micro-
pore volume in the mesoporous carbon as for the nontemplated
powder. This represents a major difference to lignin-derived hard
carbons and might explain the presence of isclated mesopores
in them while applying a comparable PEO-b-PHA copolymer as
soft template. If this carbon precursor system intrinsically does
not form a comparable high number of micropores as phenolic
resins, which might be responsible for connection and thus ac-
cessibility of the large mesopores, an isolated (meso)pore system
is obtained. Note thatthe schermatic representation in Figure 7 fo-
cuses on the evolution of the micropores during heating and does
no state that all mesopores are only connected by micopores,
as shown here. The possibility of mesopore connection through
larger mesopore windows derived from micelle overlapping ob-
served in silica®] might also occur here as well.

In order to determine the pore size by physisorption, adewiled
argon isotherm wasrecorded at87 K (Figure 6D). The presence of
micropores of 1 nm in size is clearly confirmed by the DFT-based
pore size distribution in Figure 6E, which also reveals the pres-
ence of larger cavities above 40 mm in diameter. Although the Q8-
DFT hybrid kernel applied on the adsorption branch is expected
to be particularly suitable for spherical mesopores connected by
cylindrical micropores™] an accurate pore size determination is
challenging in this case because current QSDFT evaluation mod-
els have been programmed for pore sizes only up to 50 nim yet.
Hence, a mode pore size above 50 nm can be concluded to be in
alignmentwith electron microscopy, butan exact value cannot be
given with this method here.

2.4, Substrate Corrosion In Mesoporous Carbon Thin Films

Transferring the powder synthesis to mesoporous carbon thin
films requires spin coating of the same precursor solution onto
a defined substrate. When using a titanium plate as substrate,
which is necessary in electrocatalysis to ensure electric contact,
however, bright tarnished spots are obtined on the otherwise
deep black carbon coating (expected for non-graphitic carbon) af-
ter carbonization in a tube furnace with continuous argon flux.
The surface scans in Figure 56 (Supporting Information) ac-
quired by secondary ion mass spectrometry (SIMS) confinm the
presence of titanium oxide species on the surface. The over-
lay of the C {myz = 48.00) and TiO;~ (m/z = 79.94) ion sig-
nals clearly demonstrates the presence of two separated phases:
the non-graphitic carbon and a titanium spedes — possibly tita-
nium oxide. Also, if a blank, polished Ti substrate without any
carbon coating is annealed under analogous conditions, a tar
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nished surface is obtained, yielding fragment ions cormposed of
titanium and oxygen in SIMS (Figure 56, Supporting Informa-
tion). Since SIMS only provides information on the elemental
composition, an assignment of the actual phases remains un-
clear. For this reason, X-ray diffraction under grazing incidence
(GIXRD) of the annealad substrate and the mesoporous carbon
film is needed to understand the origin of the titanium species.
The GIXRD patterns in Figure S6 (Supporting Information) un-
ambiguously show the expected ocourrence of substrate-related
reflections (e.g., the main reflection of Ti metal at 28 = 40°) as
well as the presence of TiQ; (rutile structure), ascan be seen from
the reflections at 28 = 27° and 54° in both the annealed substrate
and the carbon thin film. The carbon phase almost drowns out
due to the little amount of carbon and the low scattering inten-
sity of the rather amorphous NGC phase. A small background
observed in XRD arcund 28 = 20° can be assigned to the carbon
coating. These experiments strongly hintthatthe corrosion of the
Ti substrate (i.e., formation of TIO,) is responsible for the surface
impurity leading to the tarnished appearance of the thin films.
Several atempts were investigated to mitigate this corrosion, and
we discovered that the introduction of 15 vol.%6 of carbon momnes-
ide to the inert feed gas during carbonization was sufficient to
prevent the formation of oxide particles (see the Supporting In-
formation for more details). When carbonized in such an ArfCO
mixture, neither TiO,-related ions are found by SIMS nor corre-
sponding refections by GIXRD (Figure 56, Supportiing Informa-
tion). While SIMS confirms the surface to be composed solely of
non-graphitic carbon, the GIXRD pattern features, in addition to
Tirelated reflections, several signals that can be assigned to -
tanium carbide (located at 28 = 36, 42, and 60°). These can be
found in the pattern of the carbon film carbonized in pure argon
aswell, buttheabsence of Ti-containing ions in the SIMS surface
scan of the apparently non-corroded thin film raises the ques-
tion where TiC is located. To tackle this question, depth profiles
of the mesoporous carbon thin films carbonized in pure Ar and
the Arj CO mixture, respectively, were recorded by SIMS (Figure
84 B). Here, the intensity profiles of all mass signals were nor-
malized and stacked for a better overview.

In case of the thin film carbonized in pure argon (Figure 84),
maryy titaniumjoxygen spedes like TiO~ and Ti0,~ (but also
TiOy in Figure 5174, Supporting Information) and heavy car-
bon fragmerts like C,” jand also ;" in Figure 517A, Supporting
Information) can be found near the surface, COverall, the intensity
evolution of the carbon- and titania-based ions shows a compa-
rable sigmoidal trend of a decay =700 nm in depth upon ongo-
ing sputtering. Yet, a small deviation between these two kinds
of fragments becomes apparent between 400 and 600 nm with
an increase in carbon-based signal intensity next to a small de
crease in titania-based signal intensity. This observation can be
explained with TiO, particles on the former surface of the thin
film (see SEM images in Figure 9; Figures 58,59, and 513, Sup-
porting Information) leading to a relative enrichment of titania-
derived ions at the {former) surface and a relative enrichment of
carbon-based signals underneath the {former) surface after sput-
tering through these surface particles and reaching the actual
carbon film. Generally, the evolution of the signal's intensities
claims for a surface layer composed of hard carbon and Tic, with
the latter being the dominating species. After further sputtering
{> 600nm), the aforementioned signals become weaker whereas
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Figure 8. SIMS depth profiles of mesoporous carbon thin films on titanium substrates carbonized in A) pure argon and Bj a mixture of 85 vol % argon
and 15 vol.% CO comprising the evolution of the ion signals assigned to the TiQy phase {in orange), the hard carbon phase (in blue), the TiC phase {in
green), and the metal substrate (in gray} with proceeding sputtering. The (C and E) AFM scans of the sputter craters before reaching the TiC interphase
{blue) and the metal substrate (green), respectively, are given as well as the (D' and F) 3D overlay of the TiQy~, C3~, TiC,~, and Tt signal with the

res pactive layer thickness from AFM.

the ion signals of lighter carbon fragments like C; (and also Cy-
in Figure 517A, Supporting Information) and titanium carbon
species like TiC,~ (and also TiC- in Figure $17A, Supporting In-
formation) become more intense. The parallel intensity trend of
these two kinds of fragments hint at the appearance of the TiC
phase observed by GIXRD (Figure 56, Supporting Information).
Moreover, the opposed intensity evolution of the light vs. the
heavy carbon fragments evokes the hypothesis thatnon-graphitic
carbon, possessing small graphene stacks (see Figure 5), decom-
poses preferentially into larger carbon species while the carbide
only forms small carbon anions (see Figure 517C, Supporting In-
formation). This might be reasonable since larger carbon species
moet likely are more challenging to from starting from the rock
salt structure of TiC than from a large carbon network, L.e., anon-
graphitic carbon containing aromatic ring structures. For depths
> 1200 nm, the TiC-related ion signals become less intense or at
least their signal noise increases in parallel to an increase of the
Ti0r and Ti- ion count, which can be assigned to the crossing of
the TiCjTi interface and a penetration of the metallic substrate.
Consequently, a mixed CTiO, surface layer and a TiC interphase
ontop of the metallic substrate can be concluded from the depth
profiles in Figure 84, which becomes olwious in the 3D overlay
of the TIO;, C;, TIC,~, and T~ ion signals in Figure 8D, con-
firming a layered structure. The thickness of the respective lay-
ers requires an additional measurement. The atomic force mi-
croscope (AFM) implemented in the SIMS setup enables topo-
graphic analyses of the created sputter craters. When sputtering
is stopped at the inflaction point of the signal intensity evolu-
tion (e.g., the TIO;~ signal evolution), the sputter crater can be as-
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sumed to end at the interface between two phases. Thus, the two
depth profiles in Figure 5174,C (Supporting Information) corre-
spond to sputter craters terminating at the interface between the
CTiC, and TiC phases and the interface between TiC and the
substrate, respectively. The corresponding height profiles of the
sputter craters obtained from AFM in Figure 8C give access to
thelayer thickness by measuring the height difference each. Asa
result, the fluence (sputter ion exposure) can be corverted to the
depth (x-axis) in Figure 84 and B (since the sputter rate of each
layer is kmown through the measured layer thickness), and an
overall structure of a 650 nm thick G/TIO, surface layer above a
950 num thick TIC interphase is obtained for the corroded sample.

The carbon thin film carbonized in an Arf CO mixture, how-
ever, gives no indication of any TiO, at the surface (Figure 88),
which can be concluded from the initial absence of TiCr and
TiO;~ ions. On the contrary, only carbon-based fragments can
be found (G-, Cy, and C; in Figure 517B, Supporting Infor-
mation) following all the same trend. Surprisingly, the C,- sig-
nal follows the trend of the heavier carbon fragments and not
that of the carbide-derived ones as obsewed in the corroded
sample in Figure BA. Apparently, the ionizability of this ion is
significantly increased by the absence of TiO; in the hard car-
bon matrix. Underneath the carbon phase at 200 nm, the evolu-
tion of the obsewved ion signals is very similar to those in the
corroded sample. Thus, a pure hard carbon phase on the tita-
nium substrate with a TiC interphase between them, possess-
ing again a layered structure (see the 3D overlay in Figure 8F)
can be concluded by this SIMS analysis. Performing a sinilar
AFM study of the sputter craters leads to strikingly thinner layers

i 2025 The Author(s). Advanced Fundional Materiaks published by Wiley-V'CH GmbH
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Figure 3. Proposed corrosion mechanis m of the titanium substrate if no reducing agent is mixed to the inert feed gas (below) including two SEM images
of the titanium cxide particles. In case of an ArfCO atmasphere (top), only a thin TiC interphase is formed.

compared to the corroded sample: a 200-300 nm thick hard car-
bon thin film above a 210 nm thick TiC interphase is observed.
Measuring the film thickness of the carbon layer is hampered
by the aack at a lateral position of =200 pm (blue profile in
Figure 8E) but from the remaining crater, a thickness between
200 and 300 mmn can be concluded, which is confirmed qualita-
tively by SEM of the cross-section of an analogous carbon film
on silicon ylelding a thickness between 300 and 400 nm (see
below). The reliability of the AFM scans is supported by moni-
toring the depth profile in the forward and backward direction
being in good alignment as shown in Figure 518 {Supporting
Inforrnation).

The reason that both the mesoporous carbon film and the TIC
interphase are tremendously thinner may be the absence of the
substrate corrosion by TiO; formation. As shown in Figure 9, the
cxide forms in the shape of nano-sized particles, and according
o the proposed corrosion mechanism, their formation roughens
the substrate surface, which makes it rnore prone to the forma-
tion of carbide atthe interface. Combining the results from SIMS
and the synthesis optimization in the Supporting Information,
ouygen traces (from either the feed gas or — more likely — the
metal substrate containing 0.25% oxygen according to the sup-
plier) cause the formation of TiO, at the metal surface during
carbonization. These cudde particles grow through the carbon
matrix, break through the surface, and spill over the thin film
surface like a volcanic eruption. This coverage of the sample sur-
face with TiOy could explain the shape of the C;~-depth profile
in Figure 8A possessing a maxitmum at &500 nm. After sputter-
ing the surficial oxide particles embedding some residual carbon,
the actual hard carbon layer (=300 to 400 nm estimated from the
depth profile) infiltrated with TiO, is uncovered, showing a sim-
ilar film thickness as the non-correded thin Alm. If a sufficient
armount (15 vol.%6) of CO as a reducing agent is introduced to the
feed gas, the TiO; formation is inhibited, the flat carbon film is
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allowed to carbonize without perturbation, and a homogeneously
thin TiC interphase is built at the interface.

To ensure that the introduction of CO into the inert atmo-
sphere does not change the chemical nature of the non-graphitic
carbon, mesoporous carbon powders were prepared under differ-
ent carbonization atmospheres. As shown in Figure 5194 (Sup-
porting Infortmation), the XRD patterns look alike irrespective of
the resin was carbonized in nitrogen (muffle oven), argon, or
a mixture of 85 vol.% argon and 15 vol.%6 CO (both tube fir-
nace). Consequently, the choice of inert gas does not affect the
microstructure of the non-graphitic carbon. To eluddate if pos-
sible changes in oxygen content ocour when CO is employed as
reducing agent, a dried resin and two carbon powders obtained
from it after carbonization in pure argon and a Ar/CO mixture,
respectively, were analyzed by X-ray photoelectron spectroscopy
[XPS). The spectra in Figure 519 (Supporting Information) con-
firm the expected heteroatom removal upon carbonization lead-
ing to an decrease in oxygen content from 24 at.%4 to 14 at e (Ar)
and 15 at.3 (Ar 4+ CO), respectively. However, the elemental com-
position of both carbonized materials is very similar so that no
influence of the CO introduction can be found. Also, this exper-
itnent demnonstrates that the beneficial role of CO during corro-
sion inhibition is not due to the direct reduction of the resin but
rather due to trapping of oxygen traces before they can react with
the titanium metal. Consequently, there is no indication that CO
chemically influences the non-graphitic carbon and solely pre-
vents the substrate from being cxddized.

The general formation of titanium carbide at the interface be-
tween resin and metal substrate is not surprising if the phase di-
agram of carbon and titanium is taken into account At high tem-
peratures like 800 °C, the formation of TiC is thermodynamically
expected. B8 Yet, the question remains whether this TiC inter-
phase impedes the electrocatalytic application of the mesoporous
carbon thin film carbonized in an ArjCO mixture —, e.g., if the
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interphase acts aselectric insulator. Indeed, TiCis considered asa
good electric conductor and thus is irvestigated as supercapacitor
and electrocatalystsupportitself*-%] However, to check the suit-
ability of the proposed thin film prepared on a metal substrate for
later applications, the electric conductivity, electrochemical sta-
bility, and pore accessibility need to be studied in more detail.

2.5. Properties of Mesoperous Carbon Thin Fllms

Summing up, the successful synthesis of a flat and ordered-
mesoporous hard carbon thin film with nano-sized graphene
stacks (microstructure in Figure 5), a film thickness of 200-
300 nm, and 70 nm spherical mesopores (Figure 9 and see be-
low) was shown. Yet, for application as electrocatalyst support,
the carbon thin film must fulfil the following features: (1) the
carbon layer has to be electrically conductive, (2 the film has to
withstand harsh electrocatalytic conditions (eg., pH1and 1.2V
anodic potential in OER), and (3) the mesoporous network has to
be accessible for catalyst deposition and the catalysis in general

2.5.1. Blectric Transport

In order to irvestigate the electric transport through the non-
graphitic carbon, we measured the in-plane resistance (along
the surface) of the mesoporous carbon thin film and the trans-
port through the carbon thin film {perpendicular to the surface)
and the respective substrate (both a titanium plate and a silicon
wafer). While the first measurement provides information on the
electric properties of only the thin film, the latter includes coat-
ing and substrate (and possible interfaces), providing a figure of
merit for the actual electrocatalytic application, in which the sam-
ple is contacted from the backside. As an internal benchmark, the
carbon film is compared with an analogously mesoporous irid-
ium dicxide (IrD;) thin film — a typical electrocatalyst for acidic
OERI* The IrQ; thin film was synthesized (both on silicon
and titaniuwm substrates) with the same soft template employed
for the carbon analogue, following usual sol-gel procedures*21
for metal oxide thin films modified in terms of solvents to ensure
micellization of PEC-b-PHA™! (see Experimental Section). The
GIXRD data in Figure 5204 {Supporting Information) show the
main refections of IrD, (at 28 = 28 and 35%) in agreernent with
the depicted reference pattern although their intensity is rather
low and overshadowed by the substrate’s reflections due to the
small quantity of sample and the low crystallinity after calcina-
tion at 350 *C.P4 Similarly, the Raman spectrum (Figure S20E,
Supporting Information) confirms the presence of Ir0; because
the expected E; band (at570 arr!), By, and A, (both overlapping
at 750 crn-!) are obeerved. ! The mesoporous morphology is ver-
ified by SEM (Figure 520C, Supporting Information), revealing
spherical pores of 79 nm in diameter similar to those in the car-
bon sample. Compared to the latter, the metal oxide thin film is
noticeably thinner, with a film thickness of 48 nm according to
ellipsometry. The X-ray reflectometry (XRR) scan (Figure 520D,
Supporting Information) gives rise toa higher value though. The
average distance between the Kiessig fringes of 0.056 nm™ hints
at a film thickness of 113 nm,P* and indeed, fitting of the scan
for the mesoporous film in Figure 520D (Supporting Informa-
tion) yvields a thickness of 98 nm. In addition, the porosity of
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the thin film can be determined based on the critical wave vec-
tor g, originating from the difference in electron density at the
air/IrD; interface["-"1 While a nontemplated Ir0, thin film
(Figure 520D, Supporting Information) leads to g, = 0.618 nm-!
(corresponding to a density of 6.70 g arr?), the introduction of
mesopores into the IrD, phase lowers the average electron den-
sity, causing areduction in g..1"%*%*! 1f a sufficiently high porosity
is present so that the electron density of the thin film comes be-
low that of the silicon substrate, the mesoporous film becomes
a waveguide, and two critical wave vectors are observed: one of
the thin film (here: g, = 0.244 nm~') and one of the substrate
{here: g, = 0.315 nm-).*% From the thin film's q;, an electron
density of 420nm~? can be determined {see Supporting Informa-
tion for more details), which corresponds to a porosity of 84%
when compared with the electron density of cystalline tetrag-
onal IrQ, (2700 nm~Y). Alternatively, the density obtained from
fitting the experimental XRR curve {1.55 g cm) can be related
to the density of the non-templated sample, yielding a porosity
of 77%, which should be more reasonable due to the low crys-
tallinity of IrQ; synthesized here. Compared to this evaluation,
the refractive index of the mesoporous thin film (r = 1.68) mea-
sured with ellipsometry delivers a porosity of 55% when com-
pared with crystalline Ir(, {n= 2.50)[1"'] according to the Brugge-
mann effective medium appragimation! %] (EEMA). This de-
viation evokes the assumption that this ellipsometry evaluation
model becomes inaccurate for mesoporous samples, in particu-
lar, as the filn thickness determined by XRR (9.9 mm) and el-
lipsometry (11.7 mm) are in good agreement in the case of the
non-templated sample. In the case of the mesoporous sample,
evaluation of the XRR data becomes more challenging because
of the superposition of the reflectivity curve with Bragg peaks
originating from the ordered array of mesopores. The spherical
pores, which are compressed along the film normal, possessing
an ellipsoidal shape %219 gre stacked layer-wise with a defined
pore wall between each pore layer, causing periodically appear-
ing Bragg peaks.["s®.1%4] Their position q gives access to the layer
period (pore-to-pore distance) being equal to 2 i g if their or-
der i is known. In the case of the curve of the mesoporous film
in Figure 520D (Supporting Information), a broad background
at 20,35 nnr! can be observed, leading to a deviation between
the simulated and experimental reflectivity cumve. Assuming a
second order Bragg peak (the first arder one would be hidden
in the specular region below g_), a layer period of 36 nim is ob-
tained, which matches very well the lateral pore-to-pore distance
found in the mesoporous carbon film (see SEM cross-section in
Figure 11A below) being composed of a pore height of 20 - 25 nm
and a 10 nm thick wall. Thus, the mesoporous IrD; thin film
seems to be a suitable comparison sarnple for the carbon-based
aonie in terms of pore morphology.

The transport perpendicular through the thin film (inchad-
ing substrate) was determined using electrochemical impedance
spectroscopy (EIS) affer mounting the thin films into a metal
sarew clamp, as sketched in Figure 10C and exemnplified in the
photos in Figure 521 (Supporting Information). Within an in-
ternal comparison, the aforementioned mesoporous carbon and
mesoporous [r0, thin films (both deposited on polished titanium
plates) were contrasted to a blank, polished titanium plate (con-
ductor) and a silicon wafer (semiconductor) as border cases cna
conductivity scale. It is important to mention that only effective
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Figure 10. A,BE) Bode plot of the impedance spectra of a silicon wafer {orange), a titanium substrate {gray), and a mesoporous hard carbon (bladk) and

IrD; thin film (viclet) deposited on titanium, recorded at room temperature

in transversal direction as shown in C) the sketch of an exemplary sample.

D) Arrhenius plot of the resistivity of mesoporous carbon and IrQ; thin films deposited on silicon wafers, and E) the coresponding charge carmrier
concentration (blue) and mobility {red) at 280 K determined by a Hall measurement in van-der-Pauw geometry, as illustrated in F) the sdheme of a thin

film.

impedances and conductivities are measured for the mesoporous
samples here and not the material-specific values of the solid
skeleton material {Le., pure carbon and pure IrQ,) as porosity
decreases the effective conductivity compared to a non-porous
sample."™! Yet, due to the similar morphology of both sam-
ples, the internal comparison based on the effective values is
sufficient.

At high frequencies, the impedance spectrum of the silicon
wafer is governed by capacitive contributions, which can be seen
by the negative phase in the Bode plot (Figure 10B) and nega-
tive imaginary values in the Nyquist plot (Figure 522D, Suppaort-
ing Information). Contrarily, the impedance of the metal-based
samples is dominated by inductive contributions in the high fre-
quency region (arising probably from the setup) leading to a pos-
itive phase (Figure 10B) in the Bode plot and positive imagi-
nary parts in the Nyquist plot (Figure 522, Supporting Informa-
ton). However, with decreasing frequency, this inductive cortri-
bution diminishes, and the properties of the thin films contral
the impedance. At low frequencies, the phase of all samples ap-
proaches zero so that the impedance is fully governed by its real
part, i.e., an ohinic resistance. Therefore, the absolute value of
the impedance measured at low frequencies in Figure 104 corre-
sponds to the resistance of the entire sample (thin film and sub-
strate) in transversal direction following the trend: mesoporous
carbon (9 mi) < T (56 m) < mesoporous [r0, (215 me) << 8
{145 ). These values demonstrate that a model electrode made
from a mesoporous hard carbon thin film deposited on a tita-

Adv. Funet. Mater. 2025, 21031 £21031 (13 of 22)

168

nium plate possesses a similarly low resistance, ie., high elec-
tric conductivity, as an Ir0;-based model electrode applicable for
electrocatalysis. It should be noted that the measured resistance
value of the highly conductive samples (such as the metal-based
samples) is affected by large uncertainties due to a contact resis-
tance contribution. As the pressure for the screw contacts clamp-
ing the samples could not be controlled in a defined way, even
small variations in the contact resistance between electrodes and
sample may dominate the overall impedance at low frequencies,
Thus, the results for the samples with a resistance below roughly
14 are less reliable than those for silicon wafer with a signifi-
cantly higher resistance. This explains why the mesoporous car-
bon sample features surprisingly a lower resistance than the par-
ent metal plate expected to yield the highest conductivity. The
same holds true for the IrD, sample, which is expected to be
more conductive than non-graphitic carbon,51%] although the
formation of a thin less conductive TiO; layer on the backside
of the substrate during calcination in air might also be respon-
sible for a lower overall conductivity of the IrQ, sample. Nev-
ertheless, a low resistance in both the carbon and IrQ; sample
can be concluded from this experiment, whose reliability is sup-
ported by the temperature-dependent impedance measurernents
{Figure 5234, Supporting Information) of a mesoporous carbon
thin film on silicon {this substrate was used to increase reliabil-
ity of the obtained resistance). The Arthenius plot of the mea-
sured resistance (Figure 5238, Supporting Information) shows a
change in the dominant transport mechanism at 263 K, at which
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the activation energy increases from 12.4 meV (low ternpera-
tures) to 26.2 meV (high temperatures). This behavior is reported
for other thin films on silicon and can be explained with a re-
lease of charge carriers trapped at the Sifcoating interface upon
exceeding a threshold temperature. '] This confirms thatindeed
the transport through thin film and substrate was measured with
the sarew damp setup.

An unambiguous comparison between solely non-graphitic
carbon and IrQ; with regard to their electric transport properties
requires an in-plane conductivity measurement, ie., along the
mesoporous thin film. For this reason, the substrate, the meso-
porous carbon sample, and the IrO, counterpart were sputtered
with platinum in all four corners using pulsed-laser deposition
and contacted with conducting silver and copper wires each prior
to performing transport measurements in van-der-Pauw geome-
try as shown in the sketched sample in Figure 10F and the pho-
tos in Figure 521 (Supporting Information). Silicon was used as
substrate due to its comparably high electric resistivity, which en-
sures that the measured transport properties are dominated by
the properties of the deposited thin film layer. The temperature-
dependent resistance measurement of the Si substrate (without
external magnetic field) yields the transport behavior expected for
n-doped silicon jorange data in Figure 10D; determined values
in Figure 523C, Supporting Information)1**-11% At low temper-
atures {<20 E), conduction follows a tunnelingcontrolled hop-
ping mechanism between the donor states with a very low activa-
tion barrier (6.5 meV). With increasing temperatures, the donor-
based charge carriers are consecutively thermally activated with
an activation energy of E; = 23.9 meV (corresponding toa dopant
energy level of Ey = 2 E, = 47.8 meVI'™l and being in good align-
ment with 46 meV as expected for phosphorus™!l as dopant).
Finally, at high temperatures (=100 K}, a plateau is found orig-
inating from the saturation of the carrier concentration when
all donor-based charge carriers are thermally activated from the
donor into the conduction band. The fact that the sheet resis-
tance B of the mesoporous samples (Figure 523C, Supporting
Information) neither coincides with the resistance of the silicon
substrate nor shows a comparable temperature behavior con-
firms that the measured resistance is dominated by the meso-
porous thin film, i.e., the transport indeed occurs in the thin film,
and a contribution from the substrate can be neglected. When
multiplying the sheet resistance by the thickness of the layer in
which the transport occurs (Si: 450 pm, carbon: 300 nm, and
IrQ;: 50 nm), the comresponding jthickness-independent) resis-
tivity pcan be estimated. The Arrhenius plot of p in Figure 10D
shows that the mesoporous IrQ, film has one order of magnitude
higher in-plane conductivity than the mesoporous hard carbon
film (at 280 K, p =237 % 10° Rmand p = 167 x 10 Q2 m,
respectively) in contrast to the transversal measurement. The
general temperature dependency reveals a transport behavior in
both thin films with a pronounced hopping regime |plateau)
at low temperatures followed by a steep decrease with increas-
ing T being characteristic for highly doped semiconductors.[t2]
In the case of mesoporous carbon, the slope in the low tem-
perature region is higher than in case of mesoporous IrQ,,
which hints at a very broad impurity band.['™! This is reason-
able as there are various possible defects (acting as dopants)
in non-graphitic carbon®’! {leading to the pronounced D band
in Figure 5C), probably higher in concentration and with less-
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defined energy levels than in the metal oxidel® % je.g., arygen
vacancies).

When applying an external magnetic field, the charge car-
rier concentration » and their mobility g can be determined
by Hall measurements (Figure 10E). The values determined for
the silicon substrate are in eccellent agreerment with values re-
ported for phosphorus-doped silicon'! and confirm the over-
all reliability of this method. In case of the mesoporous sam-
ples, a comparable charge carrier density » is observed for meso-
porous IrQ; (9.36 x 10 cm™) and mesoporous hard carbon
{8.79 % 10% cnr?) at 280 K but a noticeably higher resistiv-
ity is measured in case of mesoporous carbon. This discrep-
ancy in resistivity between the carbon- and IrQ;-based sam-
ples in Figure 10D indicates a lower mobility of the charge car-
riers in the mesoporous carbon compared to IrQ; [0.086 vs.
0.787 cm? V- s1). Although the carrier densities appear to be
very high, both n and g of the IrO, sample are in very good align-
ment with results reported by Sachse et al./¥] for mesoporous
IrQ, thin films. From all these experiments, it can be concluded
that mesoporous carbon itself shows a slightly lower conductivity
than the comparative [r0; model systern, but can campete with
the latter when regarding the entire model electrode, induding
the metal substrate.

252 Electrochemical Stability

The stability of the mesoporous carbon is of crucial importance
for electrocatalysis if used as a catalyst support. Although the car-
bon support would be protected from the electrolyte by the actual
catalyst (e.g., a thin layer of 10, ) inreal electrocatalysis, direct ex-
posure to the acidic electrolyte while applying an cxidizing poten-
tial acts as a stress test to study the stability of the non-graphitic
carborn. Therefore, a mesoporous carbon thin film on titanium
was built in an electrochemical flow cell made from poly(ether
ether ketone) (PEEK), contacted from the backside with a stain-
less steel plate, and Aushed with 0.5 M sulfuric acid {How rate of
2 mL min'} as sketched in Figure 11D. As a stability protocal,
a long-term cycloveltammetry (CV) within a (OER-active) poten-
tial regime of 1.45 and 1.60 V (vs. SHE) was adapted from Du-
ran et al., who studied the stability of porous IrQ; in acidic water
splitting.[*'¥] The evolution of the current density together with
SEM images of the pore systern after different polarization times
give insight into the electrochemical stability of the porous sys-
tem. Here, two analogous carbon thin films were analyzed: one
for a short-term polarization (75 min) and one for a long-term
measurement for 24 h.

Before exposing the film to the harsh OER conditions, an or-
dered mesoporous structure with spherical pores of 69 nm in
diameter can be observed by SEM at the surface (Figure 11E)
and throughout the entire film (film thickness of 370 nm) when
analyzing the cross-section of an analogous carbon reference
film on silicon (Figure 11A). On a macoscopic level, the car-
bon film appears homogeneously black, as shownin the photoin
Figure 11B. If this film experiences a linearly swept anodic poten-
tial under acidic conditions, a small periodically oscillating cur-
rent density of a few pA cm~? can be recorded (Figure 117; Figure
524, Supporting Information). This current is expected to origi-
nate mainly from the carbon corrosion reaction (CCR) shown in
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Figure 11. SEM images of A) the cross-section and E) topview of a pristine mesoporous carbon thin film on titanium and F) one after 75 min and G)
after 24 h of cyclic polarization between 1.45 and 1.60V against SHE in D) an electrochemical flow cell. Photos of B) the fresh film before and C) after
24 h of polarization are displayed together with H) the monitored geometric current density. The insets show the evolution of the current density (black)
inal) 3 min and Jj 25 min time interval upon applying a gvcled linear potential (blue) recorded with 0.01 W51 as well as K) the mass of corraded carbon
{red) after integration of the current density and conversion following the Faradaic law under the assumption of pure carbon comosion without side

reactions.

Equation 1, which was confirmed to be the dominating reac-
tion starting from 1.4 V vs. SHE for different carbon materi-
als according to differential electrochemical mass spectrometry
(DEMS).PT3815] The contribution of the OER only becomes sig-
nificant above 1.6 V vs. SHE in the case of carbon. ']

C+2IH;0 — COy+4H" +4e (1)

The evolution of the current density shows an initial decay be-
fore reaching a state of constant current (between 20 and 75 min
in Figure 524D, Supporting Information). This initial decrease
can be explained by the establishment of a stable concentration
profile of the reactants and products near the electrode surface,
as typically observed in chroncamperometry and described by
the Cotrell equation.['*®! Such a trend is slightly discemible in
the studies on porous IrQ, with the analogue oycling protocol as
well.|**] After polarization for 75 min (150 CV cydes), no signifi-
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cant morphological changes occur The SEM image in Figure 11F
reveals a pore size being slightly larger (72 nm), possibly due
to a minimal enlargement upon consecutive carbon corrosion,
but the deviation is not significant if the polydispersity of the
pore size is considered. Additionally, the CV scans between 0.2
and 1.7 V vs. SHE before and after polarization (Figure S24C,
Supporting Information) of the mesoporous carbon film are al-
most identical featuring a small reductive current and a larger
oxidative current at the borders, which can be assigned to the
HER and CCR, respectively.""*¥] Hence, no severe change in
carbon ocourred. Yet, the pore structure in the SEM image in
Figure 11F appears slightly better connected as more pore necks
of the sub-surficial pores can be obeerved compared to the initial
state (Figure 11E).

When performing a longterm cycling on a second sample,
a different evolution in current density is found (Figure 11H):
Initially, the current density shows the trend discussed before
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(Figure 11]). However, after the region of constant current den-
sity, [ starts to increase after 1 h and reaches a maximum at 4 h
prior to decreasing until a constant region is established again
after 14 h of polarization. Assuming a proceeding carbon cor-
rosior, this behavior can be explained by an opening of the for-
metly (rather) isolated mesopores (see Figure 7) by electrochem-
ical etching, which results in an increase in exposed/accessible
surface area, leading to an increase in corrosion current density.
While the CCR continues, non-graphitic carbon material is con-
secutively degraded, which results in a decrease in surface area
after a certain point Thus, an apex followed by a decrease in J is
found until no carbon is present anymore. Regarding the maaro-
scopic appearance of the sample (shiny circle in Figure 11C) as
well as the mesoscopic morphology at the border between car-
bon being exposed and not exposed to the electrochemical cell
by SEM (Figure 11C) after 24 h of polarization (2900 cycles), a
complete degradation of the mesoporous thin film can be clearly
confirmed. The final region of constant | after 14 h is then most
likely a consequence of the uniform leaching of the substrate.
Understandably, the CV scans of the sample before and after
24 h of polarization do not coincide anymere, as the carbon layer
is removed completely (Figure 5244, Supporting Information).
Assuming that only the CCR as a four-electron process takes
place as expected from DEMS studies <! the current density in
Figure 11H can be integrated to obtain the transferred charge Q
and corverted to the mass of corroded carbon m_,, as a function
of reaction time following Faraday’s law (red curve in Figure 11K).
After 16.5 h, the sigmoidal growth curve merges into a linear be-
havior (which can be assigned to substrate corrosion). These data
imply that the overall amount of 9 pg con~ of mesoporous carbon
is fully corroded after 2:16.5 h.

Overall, this study dernonstrates that the mesoporous non-
graphitic carbon itself is not long-term stable under OER con-
ditions. 5till, a remarkably long time is needed to significantly
corrode the carbon material, especially considering the large sur-
face area of this porous system (see Figure 6D) and the CCR that
is expected to ocour already at 207 miV vs. SHEF® according to
thermodynamics. Furthermore, the carbon is protected by a layer
of the actual catalyst in electrocatalysis and thus is not in con-
tact with the electrolyte needed to decompose the carbon sup-
port Even if a few small uncoated spots of the support should
be exposed to the electrolyte, severe corrosion would require a
long time due to the small exposed area, and the catalytic activity
should not be significantly reduced as long as electric conduction
over the pore wall is still ensured. Indeed, recent studies of car-
bon hybrid materials for electrocatalysis confirm a promising sta-
bility in both acidic''"] and alkalinel''® water electrolysis. There-
fore, the mesoporous carbon in this study rernains a promising
support for electrocatalysis with regard to stability.

2.5.3. Accessibility of the Pore Spstem

Concerning the last prevequisite, i.e., the accessibility, the meso-
porous carbon thin films (both before and after 75 min of cor-
rosion) were infiltrated with a tracing electrolyte, and the spatial
ion distribution within the mesoporous system was monitored
in 3D by SIMS. Similar to previous studies on metal cxide thin
films, %1l the appearance of tracing ions deep inside the thin
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film acts as marker for an interconnected and accessible pore
systern. By that, the mutual accessibility of the fresh film can be
checked as well as a possible increase in accessibility upon brief
carbon corrosion. In this study, however, cobalt nitrate could not
be used as tracing electrolyte (in contrast to the previous studies)
as the carbon film shows only appropriate ion counts in negative
ion mode while Col* ions need to be measured in positive ion
mode. Thus, an easily detectable, soluble, stable, and unambigu-
ous (that means an ion that can only be assigned to the added
salt) anion probe is required. Therefore, lithium tetrafluorobo-
rate (LiBF,) was used instead. Using SIMS, the depth profiles
were recorded, and the evolution of the carbon-based (here, fol-
lowing a small and a heavy carbon fragment) and TiC-based (C;
and TiC,~) signals was investigated, similar to the measurements
in Figure & but extended by the Li;F;- and BF - signals of the
tracing electrolyte. As shown in Figure 124 for the fresh carbon
film before carbon corrosion, the LiBF,-derived fragments can
be found within the hard carbon thin film but their signals do
not show a congruent trend to the carbon-based signals. This im-
plies that the tracer penetrated the carbon film roughly up to the
top 20— 30%% but was not capable of fully accessing the entire
mesoporous coating. [n this qualitative study, no further AFM
experiments were carried out, and, hence, the signal evolution is
plotted against the fluence of ions sputtering the surface instead
of the actual depth. This becomes more apparent from the 3D
overlay in Figure 12B, confirming the surfidal infiltration of the
carbon filim by LiBF,. As a result, the fresh hard carbon thin film
possesses only low accessibility.

However, after 75 min of electrochemical corrosion, the meso-
porous carbon samples yield a different result. In this case, the
Li;F;~ profile in Figure 12D evolves in parallel to the carbon-
derived fragments. The intensity Auctuations of the mass sig-
nals close to the surface (decay and increase of Li; F,- signal in-
tensity, local maximum of BF~ signal intensity, and initial in-
aease in carbon signal intensity between a fluence of 0 and
2 % 10'® cm-?) most likely originate from the precipitation of
residual lithium salts, Aucrides, and BF,-containg spedes at the
surface of the thin film as confirmed by the surface images in
Figure 525 (Supporting Information). Nevertheless, the high in-
tensity of the LiBF ,-derived signals until the carbonyTiC inter-
face demonstrates a complete infiltration of the mesoporous car-
bon, which is further supported by the 3D overlay in Figure 12C.
This experiment also confirms the previous assumption of an
increase in pore accessibility upon electrochemical corrosion,
presumed on the basis of SEM and the evolution of the cor-
rosion current density in Figure 11. Consequently, the initally
poor accessibility of the mesoporous hard carbon thin film can
be overcome by applying a short electrochemical etching to
widen the pore throats. The accessibility thus obtained is manda-
tory for application to ensure an even coating (e.g., by atomic
layer deposition) or catalysis without diffusion limitation. Yet,
even without etching, the pristine mesoporous carbon with iso-
lated pores is still promising for other applications, such as
sodium-ion batteries, in which isclated mesopores proved to be
beneficial F2

In summary, ordered mesoporous hard carbon thin films
on titanium possessing spherical pores with 70 nm in diame-
ter showed to be electrically conductive, sufficiently stable un-
der acidic and oxdizing conditions, and accessible for probe
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Figure 12 Accessibility of mesoporous carbon thin films. SIMS depth pro-

files of A) a fresh and D) a briefly electrachemically corroded mesaporous

carbon thin film entitanium infiltrated with a LIBFy tracing electrolyte com-
prising the evolution of the ion signals assigned to the LiBF, phase in vi-

olet, the hard carbon phase in blue, and the TiC phasein green as well as
the 30 overlay of the Li;Fy~, C7~, and TiC;™ signal of the B) fresh and C)
briefly corroded sample after infiltration.
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molecules after brief electrochemical corrosion, rendering them
a promising support for electrocatalytic applications.

3. Conclusion

Having experienced Helmut Colfen as a colleague for many
years, we are grateful for his courage to bring a seemingly natve
question onto the stage of materials science, namely, how simple
inorganic aystalline substances are formed from molecular enti-
ties and how the crystallization can be manipulated. In particular,
his passion in emphasizing the necessity for understanding the
nature and relevance of the amorphous state in nucleation and
crystallization was an important momentum for us to eluddate
the transition of amorphous carbon into graphene-like materials,
As an important part of our study, we addressed the important
question of the fate and role of block copolymersin the carboniza-
tion process, which we would certainly have ignored if one of the
authors (B.5.) had not been exposed to Helmut Colfen’s work
for several years. The fact that organic additives — even in small
amounts — may affect the nucleation and crystallization of clas-
sic inorganic salts, was put forward by Helmut and represents a
relevant question in our studies on carbon, too.

This study thus aimed at the preparation and deep character-
ization of mesoporous carbon thin films with high electric con-
ductivity on metallic substrates, which are suitable for elsctro-
chemical applications. While we confirmed an ordered meso-
porous structures fwith 70 nm mesopores) with the aid of gas
physisorption and electron micoscopy, we elucidated the forma-
tion and sp*-based microstructure of the non-graphitic carbon by
TG-MS5,XRD, Rarnan spectroscopy, and TEM images. Employing
ToF-5IMS, GIXRD, and SEM, we observed an unexpected and se-
vere substrate corrosion leading to a significant incorporation of
TiO, into the carbon material when carbonized in pure argon. A
mixture of 85 vol.26 argon and 15 vol.% CO showed to be manda-
tory to avoid substrate oxidation yielding a homogeneous meso-
porous carbon film separated from the substrate by a thin carbide
interphase. XP5 and XRD experiments confirmed that CO influ-
ences neither the carbon microstructure nor composition.

The corrosicn-free carbon thin films were tested for their suit-
ability as model supports for electrocatalysis in terms of elec
tric conductivity, stability, and accessibility. Regarding electric
transport, the carbon thin film demonstrated to be able to com-
pete with analogously porous IrQ, model electrodes as shown by
impedance and Hall measurements. The initial poor accessibility
of the carbon thin film (deduced from SIMS depth profiling after
infiltration with a tracing solution) was successfully overcome by
short-term polarization under (acidic and oxidizing) OFR condi-
tions, under which the carbon samples generally revealed a sur-
prisingly high stability even in an uncoated (i.e., unprotected)
state.

These properties render the mesoporous carbon thin film a
promising support for electrocatalysis (e.g., in water splitting),
on which a catalytically active material (such as Ir0,) can be de-
posited as atomically thin layers to reduce the overall loading of
active yet precious materials. In the future, two questions need
o be addressed: On the one hand, if a metal oxide like IrQy can
be deposited as a homogenous layer onto carbon at all, and on
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the other hand, if the resulting electrocatalyst can keep up with
pure Ird; catalysts in terms of activity and stability. Beyond this
application, the presented work acts as a general, extensive guide-
line for characterizing non-graphitic carbon thin films, which can
be used for several systematic studies in electrochemistry (e.g.,
sodium-ion batteries) due to their well-defined structure.

The presented work benefited from Helmut Colfen also in re-
gards how to perform studies involving self-assembled materials
and complex analytics: First, one should be courageous to ask
basic questions, especially when it comes to aystallization. Sec-
ond, collaboration in cutting-edge analytics, especially in such de-
manding fields as self-assembled materials, works best on the ba-
sisof a friendly partnership and respectful cooperation. Thus, our
complex analytical studies would not have been possible without
such unselfish collaboration of many co-workers, which also was
one of the outstanding character traits Helmut was known for
and by which he certainly had a significant impact on many col-
leagues and students, who had the pleasure to work with him.

4. Experimental Section

Synthess of the Soft Template:  The PEO-b-PHA blod: copolymer was
prepared by a twostep procedure analogous to the previous studyl®']
and based on the initial report of Lokupitiya et al.15%1 a- Mathyl-a- by drowy
poly (ethylene oxide) (PED-OH) with an average molecular weight of
20 kDa (as provided by the supplier) was purchased from Sigma-Aldrich.
According to TH-NMR end group analysis (Figure 514, Supporting In-
formation), the number-weighted molecular weight (M) of PEO-OH
amounts to 16.6 kDa (372 EC units) with a polydispersity index of 1.03
based on gel permeability chromatography (Figure 51E, Supporting In-
formation). Experimental details on the Steglich esterification yielding the
macroinitiator PEC-Br and subsequent supplemental activator reducing
agent radical atom transfer polymerization (SARA ATRP) can be found in
the last artide,[¥1] while only a brief des cription is given here.

For macroinitiator sy nthesis, 4.000 g (0.20 mmol, 1.0 eq) poly (ethylene
oxide) methyl ether (PEQ-OH, 20 kDa, Sigma Aldrich) were dissclved in
10 mL anhydrous dichloromethane (DCM, 99.8%, Acros Organics) un-
der argon in a 50 mL round bottom flask by stiring at reom tempera-
ture. After adding 22 pL {0.24 mmel, 1.2 eq) 2-bromopropionicacid (9994,
Acros Organics), 10 mg (0.08 mmol, 0.4 eq) 4-dimethylaminopyridine
(DMAP, = 99%, Sigma Aldrich), and 95 mg (0.46 mmol, 2.3 eq) N, N"-
dicyclohexylcarbodiimide (DCC, 9996, Sigma Aldrich) to the colorless salu-
tion, itwas stimed for 20 b at roem temperature under argon atmosphere.
Excess DCC was quenched with 5 uL of a 1 M hydrechloric acid {Griss-
ing GmbH), and the turbid reaction mixturewas diluted with 50 mL DCM,
filtered, and concentrated under reduced pressure. The coloress residue
was dissolved in 10 mL tetrahydrefuran (THF, technical grade, Themmao
Scientific) and precipitated twice in 250 mL cold diethyl ether. Drying in a
vacuum oven at 40 °C for 18 h resulted in 3.552 g (0,18 mmol, 88%6) of a
colodess powder.

The PEQ-b-PHA block copolymer was synthesized by a supple
mental activator reducing agent atom transfer radical polymerization
[SARA ATRP) with a pretreated!12121] copper wire wrapped around
the stiring bar as reducing agent. In a 100 mL Schlenk round bot-
torm flask, 1.000 g (0.05 mmel, 1.0 eg) PEQ-Br, 44 mg (0.15 mmel,
3.0 eq) tris(2-pyridylmethyljamine (TPMA, >88.0% TCI COU), 11 mg
{0.065 mmol, 1.0eq) CuBry {>99%, water free, Acros Organics), and 2.4 mL
{13.64 mmol, 274 eq) hexy| acrylate (98%, Sigma Aldrich) were dissolved
in 3.2 mLanhydrous N, N-dimethylformamide (DMF, 99.8%, Acros Organ-
ics) and stirred at 70 °C for 16 h under argon atmosphere. The dark orange
gel was dissolved in 80 mL THF, passed over a column of basic alumina,
concentrated under reduced pressure, and precipitated twice in 200 mL
cold methanol {cooled with an ethyl acetate/liquid nitrogen freezing mix-
ture). The fine coloress precipitation was recovered by filtration over a
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Bochner funnel and transferred to a Petri dish priorto drying in 2 vacuum
oven at 40 °C for 15 hleading to 1.698 g of a yellow gel. The PHA's degree
of poly merzation was determined to be 180 (PEQyr;-b-PHAsn) accord-
ing to TH-NMR in CDCly (Figure 515, Supparting Information) while the
polydispersity index amounts to 1.55 according to gel permeability dro-
matagraphy (Figure S10, Supporting Information). Mote that both the ap-
parent numberweighted molecularweight of 60.2 kDa and the polydisper-
sity from GPC are overestimated due to residual PEQ-Br macreinitiator,
which, however, does not interfere with the soft templating process.l®

Synthesis of Mesoporous Carbon Powders:  In a4 mL glass wvial, 190 mg
of the soft template were dissolved in 29 mL absolute ethanol (99.8%,
Fisher Chemicals) by sonication for 40 min at 40 *C and 37 kHz. In a
second wial, 330 mg resorcinol (999, Sigma Aldrich) were dissolved in
E70 pL deionized water upon stirring at room temperature for 20 min.
After adding 30 pL of a 5 M hydrochloric acid (made from 583 plL water
and 417 pL fuming hydredhloric acid purchased from Fluka) to the carbon
precursor, the polymer solution was added as weall followed by the addi-
tion of 275 pl triethyl orthoacetate (97%, Thermeo Scientific) and 330 pL
of a 37 wt 96 aqueous farmaldehyde solution (10— 15% methanol as sta-
bilizer, Sigma Aldrich) after brief stirfing. The reaction mixture was stirred
for 60 min at 40 =C priorto casting imo a Petri dish. The slightly orange
solution was dried at 80 °C in a drying oven, yielding an intensely orange
brittle residue. The latter was scratched off and transferred to a crucible.
After carbonization in a muffle furnace in nitrogen atmosphere (3 b at
400 °C, 3 h at 800 °C, 1K min™! heating rate each) tagether with a sec-
ond crucible filled with =200 mg copper powder (98%, Acros Organics)
as sacrificial reducing agent and grinding, 125 mg of a black powder were
obtained.

In case of the non-templated powder (referred to as dense reference},
the same protocol was applied replacing, however, the polymer solution
by the samewvolume of pure absolute ethanal.

Preparation of Mesoporous Carbon Thin Ailms:  Priortospin coating, the
titanium plates {10 mm x 10 mm, 1 mm thickness, 99.2%, Evek GmbH)
were debu rred with P400 silicon carbide paper and polished to a mirrarfin-
ish with an AutoMet 300 polishing machine by Buehler using polycrystalline
colloidal diameond suspensions of consecutively decreasing size. The de-
tailed protocol comprises in-phase peolishing with 260 and 130 rpm {ro-
tation rate of lower and upper rotor, respectively) with 15, 1, and 0.05 pm
diamend colloids for 30, 20, and 10 min, respectively, and an applied force
of 15, 15, and 10 M to press the titanium plates against the lower rotor.
Following polishing, the substrates were cleaned by ultrasenication in ace-
tone (to remove residualwax used to attach the substrates to the polishing
machine), water, ethanal, and acetone for 10 min at 37 kHz each. Before
use, all substrates were further cleaned in a UV ozone cleaner (Ossila) for
10 min.

Regarding spin coating, the same reaction mixture was used as for the
preparation of mesoporous powders. Yet, instead of casting into a Petri
dish, thesolution was sonicated at37 kHz for 5 min and used forspincoat-
ing with a SCC-200spin coater from KLM. Here, 30 drops (=250 pl) were
dropped within 60 s with a Pasteur pipette on the polished Ti plates rotat-
ing with 15 rps. After further 2 min of rotation, the films were transferred
toa pre-heated furnace for drying, in which they were kept for 12 hat30°C.
Carbonization was perfformed in a tube fumace (Nabertherm) in a mixture
of flowing argon (85 mL min ') and carbon monoxide (15 mL min ) using
the same heating ramp applied for the powders.

Preparation of Mesoporous inly Thin FAlms: Reference samples of
mesoporous |r0y thinfilms on polizhed titanium plates and silicon wafers,
res pectively, were pre pared by spin coating. First, 15 mg of the PEO-b-PHA
soft template were dissolved in a mixtwre of 500 pl of DMF (technical
grade) and 100 plL of THF ftechnical grade) by sonication at 37 kHz and
40°C for 30 min (the vess el was sealed with atap and Parafilm to aveidsaol-
vent evaporation). |n the case of the non-templated sample, the puresal-
went mixture was used instead. Thereafter, 20 mg of IrCly « 2H; O (99.9%,
52% Ir, aber) were dissolved in @ mixture of 500 pL of sbsolute ethanal
and 100 pL of hydrochloric acid (fuming, =379, Fluka) by stirring at reom
ternperature for a few minutes. The polymersolution was added dropwise
to the precursor solution with a glass pipette within 55, and the resulting
deep purple solution was stirred for a further 2 min. Upon spin coating,

i 2025 The Author(s). Advanced Fundional Materiaks published by Wiley-V'CH GmbH

173



Publikationen

ADVANCED
SCIENCE NEWS

jUReIn

www .advancedscdencenews.com

50 pL of the reaction solution was deposited on the respective substrate
{deaned in a UV czone cleaner for 10 min before coating) rotating with
15 rps. After 2 min of rotation with 15 rps, the samples were rotated with
50 rps for 15 to remove excess precursor solution before transferring to
an oven pre-heated to 90 °C. After drying at this temperature for 2 b, the
thin film were calcined at 130 °C for 1h and 350 °C for & h {heating rate:
0.13 and 0.61 K mirr ).

Characterization Technigues: Proton-nuclear magnetic resonance (1H
NMR) spectra were measured using an Avance I 400 MHz HD by Bruker
in COCly at 25 *C. All spectra wera evaluated with MestReNova 14.1.2 and
referenced to the solvent peak at & = 7.26 ppm. Gel permeability chro-
matography (G PC) of the macroinitiatar and the block copolymer was exe-
cuted with tetrahyd rofuran as eluent at room tem perature and with a flow
rate of 0.5 mL mir~". The instrument was equipped with a UV (TSP UV
1000y and a simultaneous differential refractive index detector (Shodex
RI-107) as well as a 300 mm x & mm PSS S50V linear M column packed
with 3 um particles [102-10° Da molar mass regime). The palymer so-
lution samples {circa 0.15 wt.%6 polymer in THF) were filterad through a
045 pm filter before 100 pl were injected. Calibration was performed with
poly (styre ne) standards purchased from PSS (Mainz, Germarny). Tharmo-
gravimetricstudies cou pled with mass s pectrometry (TG-MS) were carried
outin argen using a STA40PC thermoscale provided by Netzsch (resolution
of 2 pug and thus Amy = 0.01%€) within a temperature range from 30 to
1000 °C with a heating ramp of 5 K min! and the heating amp used
for the carbon synthesis, respectively. Meanwhile, a mass spectrum cov-
ering an mjz interval between 12 and 100 was recorded constantly with
the aid of a QM G451 quadrupole mass spectrometer by Balzers. Raman
spectra were acquired at room temperature with a Renishaw inVia Raman
microscope in backscattering geometry using an excitation wavelength of
633 nm and 515 nm, respectively. Spectra were recorded with a charge-
couple device (CCD) detector in a spectral range of 100-3200 cnr! with
a step size of 2 cm™, integrating five scans of 105 exposure time each.
Powder X-ray diffraction ({RD) of the carbon powders was performed with
a PANalytical Empyrean Senes 2 diffractometer in Bragg-Bretano geametry
under ambient conditions in a 26 range of 5 to 115° with menochrom-
atized Cu Ko radiation {4 = 1.5406 A, a Mi filter for suppression of Cu
K# radiation). The optics consisted of 1° anti-scatter slits, a 0.5" diver-
genceslit, and 0.04 rad sollarslits. XR D d atawere ex ported with High Scare
Plus and analyzedwith an algorithm based on Ruland and Smars k7] im-
plemented in the CerCarbscript™] in GNU Octave 78] Scanning electran
microscopy (SEM) images were obtained with a Zeiss GeminiSEM 560 mi-
croscope using an lnLens detector, a working distance of 2.5 mm, and an
acceleration voltage of 1 kV. To enhance the conductivity, samples wers
coated with platinum using a Leica EM ACES00sputter coater. In the case
of cross-sectional imaging, the sam ples were contacted with conducting
silvervamish before sputtering. All images were evaluated with the Fiji fm-
agg software. Mitrogen physisorption isotherms were recorded at 77 K on
an Autosorb iQ by Quantachrome Instruments (Boynton Beach, USA, FL).
The data were analyzed with the ASiQwin software applying a quenched
solid density functional theory (QSDFT) kemel, assuming a carbon ma-
terial with cylindrical pores. All samples were degassed for 12 h at 80 °C
to remove attached gases and water before each measurement. Time-of
flight secondary ion mass spectrometry (ToF-5IMS) studies were carried
outon a M6 Flus instrument by IONTOF GmbH (Manster, Germany), in
which a ToF-SIMS and an in situ scanning probe microscopy (SPM) mod-
ule are combined. The instrument is equipped with a 30 ke¥ bismuth liquid
metal ion gun (LMIG, nanaprobe 50) for analysis, and a gas cluster ian
beam (SCIB) for depth profiling. Al measurements, which include sur-
face imaging and depth profiling, were peformed in negative polarity us-
ing Biy* primary ions with an energy of 30 keV. Moreover, the surfaces
were flooded with low-energy electrons for all measurements to avoid
surface dharging. For surface imaging of the carban thin films, the fast-
imaging mode {unbunched mode, full width at half mazimum (P&H M)
of mfaAm = 7300 atmfz = 45.00 {C47)) was used in combination with the
delayed extraction analyzersetting, to allow 2D studies of the morphology
and chemical enviranment afthe thin film surfaces. The analysis area was
200 pm ¥ 200 pm, and the plane was rasterized with (512 ® 512} pixels.
The primary ion current was =004 pA with a cycle time of 50 ps. Depth
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profiles were recorded in spectrometry mode (bundied mode, PWHM of
mjdm = 14044 at mfz = 48.00 (Cy)) providing a high signal intensity,
andwere combined with the high mass resolution setting of the analyzer,
which enables simultanecusly a high mass resolution. In order to record
the 30 composition and the accessibility of the mesoporous thin films,
Arjpgg-cluster [cluster distribution with a maximum at 1000 Ar atoms)
with an energy of 10 ke¥ were used for sputtering. For analysis, an area
of 200 pm * 200 pm was placed in the sputter crater of 300 pm » 300 pm.
The largersputter crater was chosen to avoid crater wall effects on the ex-
tracted secondary ions. Every analysis plane of the depth profile was ras-
terized with (128 x 128) pixels, and between three sputters, six analysis
frames were performed after waiting for 15 in randem raster mode. The
primary ion current was #04-0.5 pA and the sputter currentwas 9.0 nA at
a duty cycle of 100 ps. AFM line scans of the sputter craterwere performed
with the insitu SPM module of the M & Plus. Line scans were recorded with
a Ni cantileverwith a pyramidal boron-doped diamend tip in intermittent
contact mode. Thewhole data recording and analysis of the SIMS and SPM
measurerments were carfied outwith the Surfacel ab 74 software (IONTOF
GmbH). Prior to analysis of the pore accessibility, both carbon thin films
were immersed by a 1M tracing solution. For this purpose, @ mg LiBF,
(98%, Sigma Aldrich) were dissolved in 1 mL isopropancl upon stirfing
at room temperature for 5 min. One drop of the coloress tracing solu-
tion was dropped on every sample with the aid of a Pasteur pipette, and
the films were dried under ambient conditions far 15 min. After careful re-
moval of remaining droplets with a tissue, the samples were further dried
in an oven at &0 °C for 5 h. Phase compaesition of the 1r2, thin film was
studied by grazing incidence X-ray diffraction [GIXRD) using an XRDy-
namic 500 diffractometer by Anton Paarwith an incidence angle of 2°. A 28
range of 10 until 90° was covered with a step size of 0.071° and a scanning
time of 100 5 per step. The optics were composed of a Cu Ka (4= 1.5406
A) ¥-ray source, a divergence slit of 0.03%, a beam mask of 10 mm, and
a primary and secondary solar slit of 0.05 rad each. The Raman spectrum
was recorded with a Senterra s pectroscope by Bruker equipped with alaser
of 532 nmwavelength and a power of 20 mW. After co-addition of 30 scans
of 10s each in the spectral range of 50—4450 cr |, the data were exported
with the corresponding OPU S software. The thickness and refractive index
of the InD; thin film were measured with a SE4004dv | aser ellipsometer by
Sentech equipped with a 633 nm HeMe laser Angles of 55, 65, and 75°
were used for the measurement, and a model consisting of an overaying
air layer {n = 1.0000), a 100 nm Dy (b = 2.5000) deposition layer, and a
silicon substrate (n = 3.8714) was assumed. X-ray reflectometry (XRR) of
metal oxide thin films onsilicon wafers was carried out on a Ripeku Smart-
Lab diffractometer oparated with & Cu K 4= 1.5406 A} X-ray generator
{power of 8 KW and voltage of 45 k). The optics of the paralle-beam ge-
ometry comprised a 0.05 mm incident slit, 8 Ge{220) monochromatar, a
5mm length-limiting slit, a 0.1 mm receivingslit, and a 2.5° Sollerslit. The
28 scans were recorded with a scan speed of 0.4° mir! and a step size
of 0.07% in a 28 range from 0 to 67 with a HyPr 3000(H) detector. All XRR
curves were fitted with the corresponding SmartLab Studio Il software, as-
suming a modal composed of a S substrate {density of 2.320 g cr? and
roughness of 0.5 nm), an 5i0; interface {thickness of 2 nm according to
ellipsometry), and an InQy thin film. The electrochemical properties of the
mesoporous thin films were investigated on both Ti and Si substrates at
room temperature and on Si wafers between —50 and 50 °C (avery 5 =C).
In this regard, electrochemical impedance spectroscopy (EIS) perpendic-
ular to the thin film suface was performed in a frequeng range between
107 and 10 Hz with an Algha-4 impedance bridge from Novocontrol Tech-
nologies GmbH o Co. KiG and an AC amplitude of 100 m¥. In-plane electric
transport measurements along the thin film surface were performed on
silicon wafers in van-der-Pauw geometry. Platinum was used as electri-
cal contacts, which was deposited at all four corners of the specimen us-
ing pulsed laserdeposition (PLD}. The deposition was cenducted at room
ternperature under argon atmosphere (p = 2 Pa) with a Coherent KrF ex-
cimer laser (4= 248 nm) using 10000 pulses with an energy of 400 m)
each and a repetition rate of & Hz. The PLD mask resulted in deposition
of square-shaped platinum contacts {2 mmx 2 mm) in the thin film's cor-
ner with a distance of 0.5 mm to each edge. The trans port measurements
were conducted using @ superconducting magnetic system from Owford
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Instrum ents equipped with avariable temperature insert. The temperature-
dependent resistivity was measured in the tem perature range between 10
and 280 K using a currentvarying between 10nA and 10 mA dependingon
the resistivity of the sample. Hall measurements were performed at 280 K
varying the magnetic field between —10 T and +10 T perpendicular to the
samples’surface. The electroche mical stability of the carban thin film was
tested in a custom-made PEEK flow cell equipped with a glassy carbon
counter electrode (3 mm carbon disk dadded with 3 mm PEEK, e DAQ) and
an AglAgC| reference electrode (2 mm wide leakless miniature electrode
filled with 3.4 M KCl, eDAQ). The carbansample on polished titanium was
contacted from the backside {i.e, the Ti metal substrate) with a stainless
steal lid closing the flow cell. The 0.5 M sulfuric acid used as electrolyte
{prepared with 436 mL of deionized water and 14 mL of a 95% sulfuric
acid purchased from VWR Chemicals) was pumped through the cell us-
ing a BT100-3) peristaltic pump (Longer) equipped with a DG-1-6 pump
head with a flow rate of 2 mL mir~" (motor rotation of 10.6 rpm). Cyclic
voltammetry (OV) was performed with an Autolab PGSTAT3 02N potentio-
stat by Metrohm, and all elect rode potentials were correctad forthe Ohmic
{iR) drop and given vs. the standard hyd rogen elect rade (SHE) througheut
this article. Conditioning of the carbon sample was executed by recording
50 CV cycles between 0.10 and 1.50 ¥ and 40 cydes between 1.25 and
140V against the reference electrode with a scan rate of 0.05 V 571, AR
ter equilibration of the open-circuit potential (OCP), the actual CV scans
{0.01V 571) were measured. ¥-ray photoelectron spectroscopy (XPS) mea-
surements were conducted with a PHI 5000 VersaProbe IV Scanning ESCA
Microprobe (Physcal Hedronics) using monochromatized Al Ka ¥-ray ra-
diation {hv = 1486.6 &¥) in high power mode {with a beam diameter of
200 pm, an X¥-ray power of 50 W, and an ¥-ray lamp voltage of 15 k¥). Car-
ban powders were filled in a Teflon sample cap and attached to the XPS
sample holder with an isolating tape. Survey spectra were recorded with
tirme steps of 50 ms, a step size of 0.2 &V, and an analyzer pass energy of
140 eV. The sample surface was charge-neutralized with slow electrons
and argon ions, and the pressure was kept between 107 and 107% Pa
during the measurement. All spectra were analyzed using the CasaXP5
software.
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Figure S1. "H-NMR (400 MHz) spectrum of (A) the PEO-Br macroinitiator (20 kDa) and (C) the
PEO-b-PHA block copolymer in CDCl:. The peaks are assigned according to the given structure.
In addition, the respective GPC curves of (B) the imitiator and (D) the block copolymer measured
in THF are presented with the apparent number-weighted molecular weight and the polydispersity

index each.
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Scheme S1. Fragmentation pattern of the applied solvents, block copolymer, and resol resin

induced by electron impact ionization (EI) vielding the detected cations hghlighted by boxes.
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Figure 52. Thermogravimetric curves and evolution of the MS signal intensity of selected

fragment cations dunng heating of (A) the block copolymer and (B) the pure resol resin measured

with a heating ramp of 5 K min™! in argon. MS signals assigned to the PEO block are given in

green, the PHA block in red, solvents in blue, and the resin 1n black.

Tahble 51. G and D1 band position and intensity ratio (D1 to G band) of mesoporous and non-

templated carbon powder measured with an excitation wavelength of 633 and 515 nm given with

the resulting average graphene layer extent L. obtained from them by empincal correlations.

Values in brackets stem from the WAINS-based curve (G band) or lay out of the calibration range

and thus are approximated (remaiming ones).
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Figure S3. Raman specira of a (A and C) mesoporous and (B and D) non-templated carbon powder

measured with an excitation wavelength of (A and B) 633 nm (red) and (C and D) 515 nm (green).

The spectra are fitted (black) with a superposition of four Lorentzian functions representing the

D4 (pink), D1 (blue), D3 (orange), and G band (gray).
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Figure 54. Empinical correlations between (A and B) G band position, (C) D1 band position, and

(D) the intensity ration of the D1 to G band and the average graphene layer extent L, according to

(A. C, and D) Schuepfer ef al! and (B) Osswald ef al? The experimental values observed in this

work are indicated with a dashed line.
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Figure 55. Powder XRD pattern of a (A) mesoporous and (B) non-templated carbon powder fitted

(red) with an algorithm according to Ruland and Smarsly.*

Table 52. Structural parameters of mesoporous and non-templated carbon powder obtamned by
fitting the respective XRD pattern. The parameters compnse the average graphene layer extent L,,
the average C—C bond length /cc with its standard deviation o). the average stack height L., and

the average interlayer spacing as with its standard deviation &3.

Layer Parameters Stacking Parameters
Sample Li/nm Icc / nm o1/ nm L:/nm a3 { nm o3 [ mm
meso 1.75 0.14 0.02 0.84 0.37 0.07
dense 1.85 0.14 0.02 0.74 0.37 0.07

As a synthesis of mesoporous thin films deposited on titanim plates (1 mm x 1 mm) under sumilar
conditions as that of carbon powders leads to comrosion of the substrate (tamished areas of the
carbon film, at which small particles grow through the film according to SEM. see Figure 9 and

Figure S6). several attempts were tested to prevent this corrosion.
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Figure S6. SIMS surface images (200 pm x 200 um, each normalized to the respective total 1on

image) of (top) a polished titanium substrate annealed in pure argon at 800 °C, (muddle) a
mesoporous carbon thin film carbonized in pure argon atmosphere, and (bottom) a similar film
carbonized 1n a mixture of argon and carbon monoxide. Next to the total 1on images, single ion
images of the carbon- and T10:-related 1ons normalized to the total ion count are given as well as
GIXRD patterns of all three samples together with the reference pattems of Ti1 (ICSD 98-004-

3614, black), Ti0O: (rutile, ICSD 98-020-2241, orange) and TiC (ICSD 98-000-1546, green).
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Adjustment of the carbonization part of the heating ramp might be reasonable because the TG-MS
study 1n Figure 2 evoke the hypothesis that such a long carbonization step is not necessary. A
shortening of the latter should decrease the time, the substrate 1s exposed to the harsh (possibly
corrosive) conditions of 800 °C. A mesoporous carbon thin film carbonized for only one hour
(Figure S7 middle) appeared even more tarnished than the reference sample (Figure S7 left).
However, a reduction of the dwell time by one hour and halving of the heating time (2 K min™!
instead of 1 K min™") leads to less tarnished carbon thin film. This experiment might show that the
heating period from 400 to 800 °C, in which the carbon structure is not yet evolved, is responsible
for corrosion of the substrate and an increase in heating rate helps to mitigate corrosion. One the
hand, the inconstant results with the second film (Figure S7 middle) and the still significant

corrosion claim that this adjustment 1s not appropriate to prevent substrate corrosion.

J A
800 °C 3.
400 °C reference

thin films after
carbonization

Figure S7. Photographs of carbon thin films on titanium plates (1 mm x 1 mm) after carbonization

according to the heating ramps shown above.
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If the pyrolysis gases formed duning carbonization cause oxidation of the titanium substrate, their
contact ttme with the samples should be mimimmze to suppress substirate corrosion. Therefore, three
different flow rates of the inert feed gas were probed. Although the contrast in the photos
Figure S8 do not display the tarmished surface properly, neither a doubling nor a quadrupling of
the argon flux yield a smooth shiny black carbon coating. This corrosion 1s further supported by
an SEM image of the sample carbomized in an argon flow of 200 mL min™! (Figure S8 nmuddle)

revealing a full coverage of the mesoporous surface with oxide particles.

Ar Flux
100 mL min™ 200 mL min™’ 400 mL min™’

Figure S8. Photographs of carbon thin films on titanium plates (1 mm x 1 mm) after carbonization
with different argon flow rates as indicated above. In addition, an SEM image of the sample

carbonized in a medmm argon stream shows the corrosion of the substrate.

When several samples are carbomzed simultaneously, the thin films closer to the exhaust appear
less tarmished. One possible explanation could be that the reaction products released during
carbomzation mhibit the corrosion of titantum. To wvalidate this hypothesis, a closed alumina
crucible was used instead of an open one (Figure 59). The 1dea 1s to keep the reaction atmosphere
saturated with pyrolysis gas. If these suppress corrosion, the film should appear less tarnished after
carbomzation. However, both the photo and the SEM images clearly demonstrate that the corrosion

1s tremendously more pronounced in case of a closed crucible (even if 1t was filled with argon
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before insertion in the fumace to reduce the amount of residual oxygen). Thus, this optimization

attempt 1s not suitable.

Open Crucible

Closed Crucible 200 nm

Figure S9. Companson of carbonization results using an (top) open and (bottom) closed crucible.

A photograph of the respective setup and the obtained carbon thin film 1s given together with three

SEM images of the surface structure on the nanoscale.

The possible oxygen sources causing titantum oxidation are either reaction products released from
the resin or oxygen traces in the feed gas or oxygen traces in the metal substrate itself (0.25%
according to supplier). If the feed gas represents the problem, a sacrificial oxygen trap such as a
crucible filled with copper powder (similar to the synthesis of carbon powders) as shown in
Figure S10 (left) should catch oxygen traces before they affect the metal substrate leading to a
less tarnished carbon coating. However, both films in Figure S10 (right) appear strongly corroded

although the copper powder did not undergo any change in color. These findings clearly falsify
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the initial hypothesis of oxygen traces in the feed gas as reason for corrosion and render this

adjustment inapproprate.

A B " . .

Figure S10. Carbonization of carbon thin films using copper powder as oxygen trap with

photographs showing the setup and the thin films obtained after carbonization.

A further 1dea to mitigate substrate corrosion is the introduction of a protection layer on top of the
polished titanium plate. For this reason, a thin layer of gold (around 200 nm) was deposited via
pulsed-laser deposition (PLD) on a polished titanium plate, and in addition, a polished titanium
plate and polished stainless steel plate were annealed in air for 2 h at 600 °C (5 K min™) to receive
a passivating layer® of oxide boosting film quality. All three systems were tested in carbonization
at 800 °C in argon but according to the film appearance and SEM images (Figure S11), no

improvement was achieved. In all cases, no smooth mesoporous coating is obtained.
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Gold-coated Passivated Passivated
Titanium Titanium Stainless Steel

Blank Substrate
After Deposition/
Passivation

After Spin Coating
and Carbonization

SEM Images

500 nm
Figure S11. Photographs of different substrates and carbon thin films after carbonization deposited
on them as well as SEM 1mages showing the surface structure on the nanoscale. As substrates,
(left) a polished titanium plate coated with a gold layer by PLD, (middle) a polished titanium plate
annealed for 2 h at 600 °C in air, and (right) a polished stainless steel plate passivated analogously

were employed.

To annihilate possible oxygen sources released from either the substrate or the resin, a further
promising approach could be the usage of a reductive carbonization atmosphere. Therefore, the
argon feed gas was mixed with hydrogen to different extents. As shown in Figure S12,

mesoporous carbon thin films appear less tamished if 2 or 4 vol. % hydrogen are employed but
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from SEM, the surficial particles being characteristic for substrate corrosion are still present. In
addition, surprisingly many cracks in the thin film are observed. Apparently, the small hydrogen
molecule 1s capable of penetrating the substrate and makes substrate and/or thin film bnttle.
Consequently, this approach 1s not sutable.

Mixtures of Ar and H2 as Feed Gas
0 vol.% H, 2vol% H, 4vol%H

2

1 50 pm
Figure S12. Photographs of carbon thin films on titammum plates (1 mm x 1 mm) after
carbomzation in argon and different muxtures of argon and hydrogen, respectively, as labeled
above. In addition, an SEM 1mage of the sample carbomzed in an atmosphere contaiming 4 vol %

hydrogen 1s displayed.

An altemative reducing agent that should not possess such embrttlement abilities 1s carbon
monoxide (CO). Therefore, mixtures of argon and CO with different volumetnic ratios were tested
to prevent substrate corrosion. While 2 vol % of CO do not sigmificantly decrease the degree of
corrosion, 10 vol.% wield an almost perfect carbon coating (see Figure 513). With SEM. only a
few spots can be found, at which corrosion occurred. Further increase in CO amount to 15 vol %
leads to an evenly black hard carbon coating, which shows also on a nanoscale no traces of
substrate corrosion and no cracks. Hence, CO 1is able of inhibiting the corrosion of the substrate

although high amounts are required.
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Mixtures of Ar and CO as Feed Gas
pure Ar 2 vol.% CO 10 vol.% CO 15 vol.% CO

2 vol.% H,

Figure S13. Photographs of carbon thin films on titantum plates (1 mm x 1 mm) after
carbonization in different mixtures of argon and carbon monoxide (and two further atmospheres
for comparison) as written above. In addition, SEM images of the surface structure are given to

evaluate the degree of corrosion.

To check how many samples can be prepared reproducibly without corrosion, eight titanium plates
coated with resol resin were distributed along the tube of the tube fumace and carbonized in a
mixture of argon and CO. For comparison, two analogue samples were carbonized in argon only
to estimate the degree of corrosion. As shown in Figure S14 (top), corrosion occurs in all cases in
pure argon but the extent clearly depends on the tube position: The sample closer to the exhaust
suffers less from corrosion than the one near the entrance. A similar trend of film quality is
observed for the carbonization under reducing atmosphere. The five carbon films laying in the tube

half close to the exhaust possess a homogeneous black coating, while the remaining half at the
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entrance suffers from delamination and inmhomogeneities (see Figure S14 bottom). Thus. the
carbon thin films should be prepared in the exhaust half of the tube to ensure a homogeneous

carbon coating.

Tube Position: Pure Argon

100% Ar
.

Tube Position: 85% Ar + 15% CO

85% Ar
+

15% CO

Figure S14. Photographs and SEM images of carbon thin films on titantum plates (1 mm x 1 mm)
after carbonization in (top) pure argon and (bottom) a mixture of 85 vol.% argon and 15 vol %

carbon monoxide, respectively, at different positions in the tube furnace.
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A possible reason might be a temperature gradient along the tube. The gas flowing through the hot
tube needs some time to reach the temperature of the glass wall. According to the temperature
dependency of the Boudouard equilibrium (see Figure S15), a temperature below 800 °C maght
decrease the CO concentration nto the feed gas below the required 15 vol %6 (see companson of
different CO concentrations in Figure S13).
Temperature { "C
400 BOD 80D OO 800 800 1000
100 : : : - : : :
50

&0 4
T0 4

&0
504
40
30

CO fraction x5/ at.%

20 4

10 -

Q T T v T T ¥ T T T T T T
B0 Tao 800 =L ] 1000 1100 1200 1300
Temperature / K

Figure 515. Temperature dependency of the Boudouard equilibrium between carbon monoxide

and the disproportionation products carbon dioxide and carbon.

Within a reference expeniment, exposing the blank titantum substrate to different atmospheres
(rutrogen, argon, and a muxture of argon and CO) provides access to two conclusion: (1) Whether
oxygen traces in the resin cause the substrate corrosion and (2) which influence the gas atmosphere
has on the pure substrate. As shown in Figure 5§16, a carbomization i nitrogen leads to a shiny
golden metal plate. Based on the color, this 15 most likely due to the formation of titanium nitride.
Companng the other two metal plates, a severe corrosion i pure argon took place while 1n the
Ar/CO muxture the homogeneous surface was preserved (albeit the mirror fimsh disappeared,

which could also be due to a sintening at the high temperature of 800 °C). Combined with the
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absence of a non-corroded sample after employing copper as oxygen trap (see Figure S10), the
oxygen traces contained in the titanium plate seem to be responsible for the corrosion. In addition,
this experiment clearly confirms that the introduction of CO into the feed gas suppresses the

oxidation of the substrate.

Blank Substrate After Annealing
polished Ti pure N, pure Ar 85% Ar + 15% CO

Figure S16. Photographs of polished titantum plates (1 mm x 1 mm) before and after annealing in

different atmospheres as indicated above.
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Figure S17. SIMS depth profiles of a mesoporous carbon thin film carbonized (A) in pure argon
and (B) 1n a mixture of 85 vol.% argon and 15 vol % CO, which were sputtered until the beginning
of the TiC interphase as well as (C and D, respectively) the profiles at a second spot each, which
were sputtered until the metal substrate was reached. All 1ons related to TiO; are given in orange,

the hard carbon film in blue, the TiC interphase in green, and the metal substrate in gray.
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A Carbonization in Ar B Carbonization in Ar + CO
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Figure S18. AFM-based topographic scans of the sputter crater in forward (blue) and backward
direction (orange) of mesoporous carbon thin films carbonized 1 (A and C) argon and (B and D)
a muxiure of argon and CO, respectively, and sputtered until the TiC interphase and T1 substrate,

respectively.
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Figure 519. (A) To the (002) reflection normalized XRD patterns of mesoporous carbon powders
carbomzed at 800 °C in mitrogen (green), argon (blue), and a muxture of 85% argon and 15% CO
(red). X-ray photoelectron spectra of (B) a non-templated dried resin, (C) a carbon powder
carbonized in argon, and (D) a carbon powder carbonized in a mixture of 83% argon and 15% CO,

both prepared from the resin displayed in (B). Labeling of each peak and elemental composition

are given for each survey spectrum.
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Figure 520. Characterization of the mesoporous IrO: reference film including (A) a GIXRD with

a reference pattern for tetragonal [rO2 (ICSD 98-005-6009, violet) and labeling of the four main

reflections as well as the substrate-related ones, (B) Raman spectra of both the sample (violet) and

the blank substrate (gray), (C) an SEM image in top-view, and (D) XRR scans of the substrate

(orange). the mesoporous (violet) and a non-templated IrOs thin film (deep purple) together with

the fitted curve (light violet) of the mesoporous sample. The critical angles assigned to mesoporous

IOz, the silicon substrate, and dense IrO: are highlighted with gray lines, respectively.
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The XRR data were recorded in 28 but are given here in dependency on the wave vector g

according to equation (S1) inserting the X-ray wavelength A of 0.154 nm.

b

The determunation of the density p (in electrons per nm’) from the critical wave vector g is possible
following equation (S2), m which 1. describes the classic radius of the electron
(2.813 x 107° nm). Using the same equation, the expected critical wave vector can be predicted if
the electron density is calculated from the volume of the material’s unit cell and the number of

electrons mnside 1t.

(52)

=]
Il
)
= r‘ﬂu
4

a

In case of the mesoporous sample, its average density pmeso can be used to obtain the porosity P
(volume fraction of pores) when contrasting pmess to the dense material’s density paense as shown

(S3)
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Conductivity Perpendicular to Film

Contacting with
Screw Clamp

Conductivity Along the Film

Contacting with
Cu Wires

Figure S21. Setup for measuring the electric transport (top) perpendicular and (bottom) along the
thin film surface. For the first measurement, the thin film sample 1s mounted into a metal screw
clamp. In case of the in-plane measurement. platinum is deposited in all comers of the thin film

by pulsed-laser deposition and then contacted with conducting silver and copper wires.
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Figure 522. Nyquist plots of the impedance spectra at room temperature of (A) a mesoporous

carbon thin film on titanium carbonized 1n a mixture of argon and CO, (B) a mesoporous IrOQ: thin

film on titanium, (C) a blank, polished titamum substrate, and (1)) a blank silicon wafer. The arrows

indicate the direction of increasing frequency.
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Figure 523. (A) Bode and Nyquist (inset) plot of the impedance spectra of a mesoporous carbon
thin film deposited on a silicon wafer measured at different temperatures between —30 and 50 °C
in transversal direction and (B) the Arthenius plot of the resistance measured at low frequencies
with the apparent activation barriers determuned from the slopes of the linear fits. (C and D)
Arrhenius plot of the lateral sheet resistance of a silicon wafer (orange), and a mesoporous hard
carbon (black) and IrO; thin film (violet) deposited on silicon recorded in van-der-Pauw geometry
along the sample surface at temperatures between 5 and 280 K. Apparent activation energies were

determmned from the slope of corresponding linear fits.
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Figure 524. CV scans of two mesoporous carbon thin films on titamum carbomized 1n a mixture

of argon and CO recorded with 0.05 Vs in 0.5 M H250; and a flow rate of 2 mL min™' before

(blue) and after (red) continuous cycling between 1 .45 and 1.60 V against SHE. While one sample

underwent (C) shori-term cycling (75 mun, 150 cycles), the other was exposed to (A) long-term

cychng for 24 h (2900 cycles). The (B) applied potential and (D) measured current density of the

short-term measurement are given together with a respective zoomed-in cutout in the mset.
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Figure S25. SIMS surface images (200 um x 200 um) of a mesoporous carbon thin film
carbonized in a mixture of argon and carbon monoxide and infiltrated with a LiBFs solution after
electrochemical cycling between 1.45 and 1.60 V against SHE for 75 min. Next to the total ion
images, single 1on images of the carbon- and LiBF-related 1ons normalized to the total 1on count

are given together with an overlay image showing the residual salt (violet) on the carbon surface

(blue).
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4 Fazit und Ausblick

Das Ziel dieser Arbeit bestand in der Etablierung einer Bibliothek mesopordser Materialien,
deren Porensystem gezielt variiert werden kann und die somit systematische Studien zwischen
morphologischen Parametern und elektrochemischen Eigenschaften ermdéglichen. Hierfir gilt
es insbesondere zwei Fragen zu beantworten: (1) Wie kann das Porensystem von Uber Soft
Templating synthetisierten mesopordsen Materialien maligeschneidert und zuverlassig
charakterisiert werden? (2) Sind solche Materialien fir elektrochemische Anwendungen

geeignet?

Zur Beantwortung der ersten Frage wurde zunéchst das Block-Copolymer PEO-b-PHA (ber
eine optimierte Polymersynthese hergestellt und als Templat zur Synthese mesopordsen Silikas
verwendet. Hierbei zeigte eine umfassende morphologische Charakterisierung mittels REM,
Physisorption, SAXS und Tomographie, dass diese Templatfamilie nicht nur in der Lage ist,
groRRe Mesoporen von etwa 40 nm zu erzielen, sondern offenbarte auch ein genaues Bild des
Porensystems bestehend aus Mikro- und Mesoporen. In einer zweiten Studie wurde aufbauend
auf der nun etablierten Polymersynthese und Methodik zur Untersuchung grof3er Mesoporen
eine Matrix aus PEO-b-PHA-Copolymeren mit variabler PEO- und PHA-Blocklange
synthetisiert und zur Templatierung herangezogen. Wéhrend die Modulation der PHA-
Blocklange eine gezielte Einstellung der PorengrdfRe zwischen 10 —80 nm ermdglichte,
bestimmte die Templatkonzentration die Wanddicke und Porenkonnektivitat. Die
geschlussfolgerten experimentellen Leitfaden zum bewussten Design des Porensystems
erlauben die gezielte Synthese einer bestimmten Porenstruktur sowie die systematische

Variation morphologischer Parameter fir allerlei Porositatsstudien.

Ein Vergleich eines mit PEO-b-PHA templatierten Pulvers aus Silika mit einem &hnlich
templatiertem aus Kohlenstoff legte in einer weiteren Studie nahe, dass die Porenstruktur im
Oxid hinsichtlich der Konnektivitat analog zu der im mesopordsen Kohlenstoff ist. Diese
Erkenntnis deutet darauf hin, dass die zuvor gewonnenen Ergebnisse zum gezielten
Porendesign auch fiir das elektrochemisch interessante Material Kohlenstoff gelten. Aullerdem
zeigte die tiefgehende  Untersuchung der  Porenkonnektivitat, dass sowohl
Physisorptionsexperimente als auch Elektronentomographie notwendig sind, um ein

vollstandiges Bild der Konnektivitat zu erhalten.
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In einer letzten Studie wurde der zweiten Frage bezuglich der Anwendbarkeit solcher
mesopordser Materialien in der Elektrochemie nachgegangen. Dafuir wurde ein mesoporoser
Dinnfilm aus Iridiumoxid und aus Kohlenstoff hergestellt und im Hinblick auf deren
elektrische Leitfahigkeit verglichen. Der Kohlenstofffilm zeigte hierbei eine zum Oxid
vergleichbar hohe Leitfahigkeit, und im Rahmen anschlie}ender Messungen auch eine hohe
elektrochemische Stabilitat unter sauren und oxidativen Bedingungen, sowie ein zugéngliches
Porensystem. Diese Untersuchung stellt nicht nur eine Blaupause zur Charakterisierung von
mesopordsen Kohlenstoff dar, sondern bestatigt auch, dass diese Kohlenstofffilme als
Modellsystem fir elektrochemische Studien (zum Beispiel als Tragermaterial in der sauren

Elektrokatalyse) vielversprechend sind.

Die hier gezeigten Arbeiten legen lediglich die Grundlagen fur anwendungsbezogene
Porositatsstudien, weshalb kommende Arbeiten den Fokus auf elektrokatalytisch aktive
Materialien wie Iridiumoxid legen sollten. Aufbauend auf den Grundsatzen zum Porendesign
aus der zweiten Publikation und der Synthese von mesopordsen Iridiumoxidfilmen aus der
vierten Publikation stellen die Synthese einer definierten Matrix aus Dunnfilmen mit variabler
PorengroBe und Wanddicke und dessen Untersuchung in der sauren Wasserelektrolyse
hinsichtlich katalytischer Aktivitat und Stabilitat die nachsten Schritte dar. Auf diese Weise
kann die fur die Elektrokatalyse optimale (aktivste und stabilste) Porenstruktur identifiziert
werden. Weiterhin kann kinftig mittels der Kohlenstofffilme aus der vierten Publikation
untersucht werden, ob sich Uber Atomlagenabscheidung eine nanometerdicke Schicht aus
Iridiumoxid auf Kohlenstoff abscheiden und in der Elektrokatalyse nutzen lasst. Dadurch
konnte (vor allem bei Kenntnis der optimalen Porenstruktur) ein vielversprechender
Modellkatalysator fir die Wasserelektrolyse erhalten werden, der minimale Mengen des

kritischen Iridiums bendtigt bei optimaler katalytischer Aktivitat und Stabilitat.

Die Erkenntnisse dieses Promotionsprojekts sind allerdings nicht nur auf Studien zur sauren
Wasserelektrolyse  mit  Iridiumoxid beschrankt, sondern koénnen auf samtliche
Anwendungsgebiete mesoportser Materialien (ibertragen werden. Da mesopordser Kohlenstoff
zum Beispiel auch in Kondensatoren oder Natrium-lonen-Batterien untersucht wird, bilden die
hier dargestellten Ergebnisse ein Fundament fiir allerlei Studien, in denen die makroskopischen
Eigenschaften eines mesoporésen Modellsystems mit seinen morphologischen Parametern

(Porengréfie und Wanddicke) korreliert werden soll.
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