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Kurzzusammenfassung

Der Hauptinhalt dieser kumulativen Dissertation ist die Mikrostrukturanalyse
nicht-graphitischer Kohlenstoffe (NGCs) mittels Weitwinkelstreuung. NGCs wie
Glaskohlenstoffe und Peche bestehen aus kleinen Graphenschichten, die Stapel in
turbostratischer Anordnung bilden. Da sowohl die endliche Ausdehnung der
Graphene und der Stapel sowie deren intrinsische Unordnung zu einer Reflexver-
breiterung bei Weitwinkelstreuexperimenten fithren, ist die genaue Quantifizierung
der Mikrostruktur mittels Weitwinkel-Rontgen- und Neutronenstreuung
(WAXS/WANS) zwar prinzipiell moglich, aber nicht trivial. Obwohl in
Laborexperimenten oftmals WAXS zur Charakterisierung genutzt wird und die
Ergebnisse in vorherigen Studien oftmals auf WAXS-Daten beruhen, besitzt diese
Methode gegentiber WANS einige Nachteile, z.B. die Dimpfung durch den

Atomformfaktor und einen inkohirenten Untergrund.

Daher wurden fir diese Arbeit WANS-Messungen an drei Arten von NGCs durch-
gefihrt (Glaskohlenstoff aus einem Phenol-Formaldehyd-Harz, Mesophasenpech
und ein Pech mit niedrigem Erweichungspunkt als Prakursoren). Der verwendete
groBBe Messbereich fihrte zu einer genauen Bestimmung der Schichtstruktur. Im
Vergleich dazu hatten die WANS-Daten einer fritheren Studie von Pfaff et al.
(2019) * derselben Materialien zwar einen begrenzten Messbereich, eigneten sich a-
ber gut zur Auswertung der Stapelstruktur. Eine Kombination dieser beiden Daten-
sitze eroffnete die Moglichkeit, sowohl die Schicht- als auch die Stapelstruktur
genauer als bisher méglich zu bestimmen. Die Haupterkenntnis dabei war, dass die
strukturelle Ordnung der Graphenschichten bei allen Temperaturen deutlich hoher

ist als bisher angenommen und der von perfektem Graphen nahekommt.

Zur Analyse wurde ein kostenloses Tool (OCTCARB) fiir das Open-Source
Programm OCTAVE entwickelt, das zur Verfeinerung von WAXS- und WANS-
Daten von NGCs genutzt werden kann und auf dem Modell von RULAND &
SMARSLY (2002) * basiert. OCTAVE und damit OCTCARB liuft auf allen gingigen
Betriebssystemen (Windows, MacOS, Linux) und die Verfeinerung dauert nur
wenige Minuten. Es kann auf Hochleistungsrechnern verwendet werden, um
mehrere Berechnungen gleichzeitig durchzufihren. Die automatische Verfeinerung
kann sowohl leicht von unerfahrenen Anwendern durchgefihrt, als auch das

gesamte Skript fur spezielle Messgeometrien optimiert werden.
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Abstract

In this cumulative dissertation, the microstructure of non-graphitic carbons
(NGCs) was analysed using wide-angle scattering techniques. NGCs such as glass-
like carbon and pitches consist of small graphene sheets building stacks arranged in
a turbostratic order. Since the finite size as well as the intrinsic disorder of the layers
and stacks cause a reflection broadening during wide-angle scattering, the precise
quantification using wide-angle X-ray or neutron scattering (WAXS/WANS) is
possible, but not trivial. Since WAXS is normally used for the characterization using
standard laboratory equipment, the results published in previous studies are often
based on WAXS-data. Unfortunately, WAXS suffers from some disadvantages like
the damping by the atomic form factor and an incoherent background compared

to wide-angle neutron scattering (WANS).

Therefore, for this work, powder WANS measurements were performed on three
types of NGCs (glass-like carbon from a phenol-formaldehyde resin, mesophase
pitch and a low-softening point pitch as precursors), where the large measurement
range lead to a detailed analysis of the layer structure. Even if the WANS-data from
a previous study by Pfaff et al. (2019) * of the same materials consist of only a small
measurement range, they were used to determine the stack structure. A
combination of these different WANS-data offered the possibility to determine
both the layer and the stack structure more precisely than before. As a main
conclusion, it was found that the intrinsic order of the graphene layers themselves
is significantly higher than previously assumed for all heat-treatment temperatures

and very close to that of perfect graphene.

For the analysis, a free tool (OCTCARB) was developed for the open-source software
OCTAVE, which can be used to refine WAXS-and WANS-data from NGCs and is
based on the model by RULAND & SMARSLY (2002). > OCTAVE and thus OCTCARB
runs on all common operating systems (Windows, MacOS and Linux) and the entire
refinement can be performed in minutes. It can even be used on high-performance
computers, allowing multiple calculations to be performed simultaneously. The
automatic refinement is easy to perform for inexperienced users and the entire

script can be optimized for specific measurement geometries.
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GESCHICHTE UND VORKOMMEN

1. Thematische Einfiihrung

In diesem Kapitel wird zunichst eine thematische Einfiihrung tiber die Geschichte
und Vorkommen verschiedener Kohlenstoffmodifikationen (1.1), die industrielle
und gesellschaftliche Relevanz (1.2.1) sowie die aktuell offenen Forschungspunkte
(1.2.2) gegeben. Im weiteren Verlauf der Arbeit werden die theoretischen
Grundlagen (Kapitel 2) erldutert, so auch die verschiedenen Methoden zur
Mikrostrukturanalyse von nicht-graphitischen Kohlenstoffen auf atomarer Ebene
(2.3), insbesondere das Modell von RULAND & SMARSLY (2.4). Die Ergebnisse der

dieser Arbeit zugrunde liegenden Publikationen werden in Kapitel 3 dargestellt.

1.1. Geschichte und Vorkommen

1.1.1. Geschichte des Kohlenstoffs

Bereits vor tber 30.000 Jahren nutzten Menschen in der Grotte von Chauvet in
Stidfrankreich Kobhle fiir erste Hohlenmalereien, wobei dies fur einige Jahrtausende
die einzige Verwendung von Kohle war. ** Erst in der jiingeren Geschichte ab
7.500 v. Chr. wurde Holzkohle auch zur Metallherstellung genutzt. Hierbei wurde
aufgrund des niedrigen Schmelzpunktes zunichst Kupfer (Ts = 1.085 °C), spiter
mit der Entdeckung von Zinn (Ts = 232 °C) auch Bronze (Ts = 900 — 1.000 °C)
hergestellt (daher auch das Zeitalter Brongezei?). “® Auch machte Holzkohle die
Eisengewinnung aus Eisenerz bei den Hethitern moglich (ca. 1.400 v. Chr,

9,1(

Eisenzeid). " Allerdings reichte die Temperatur von gliihender Kohle nicht aus

(1.200 — 1.300 °C), um Eisen (Ts = 1535 °C) zu schmelzen. Stattdessen wurde das

Eisen erweicht und dann geschmiedet. *"'

Bis allerdings reiner Kohlenstoff erstmals industriell genutzt wurde, dauerte es
nochmals einige Jahrhunderte: Die sogenannten Szbergriffel oder Silberstifte wurden
ab 1558 in Keswick (Nordengland) industriell hergestellt. Das 1564 entdeckte
Graphit-Vorkommen in Barrowdale in der Nihe von Keswick sorgte fiir einen
Aufschwung der Herstellung dieser Stifte und eine schnelle Ausbreitung tiber ganz
Europa. Dabei wurde zunichst vermutet, dass es sich bei dem Material um Bleierz

handelte, woraus sich der heutige Name Bleistif? ableitet. *
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1772 erkannte ANTOINE LAURENT DE LAVOISIER das Element Carbonenn und
damit reinen Kohlenstoff '*!*, wobei carbo im Lateinischen Kohle bedeutet und damit
bisher lediglich Kohleverbindungen (z.B. Holzkohle) gemeint waten. " Auch
konnte LAVOISIER zeigen, dass Diamant ebenfalls aus Kohlenstoff besteht, was von
den Chemikern SMITHSON TENNANT/WILLIAM HYDE WOLLASTON bzw.
WILLIAM ALLEN/WILLIAM HASELDINE PEPYS unabhingig bestitigt werden

BI416-19 1796 wurde ebenfalls von SMITHSON TENNANT erstmals

konnte.
Kohlenstoff kiinstlich hergestellt , indem bei Versuchen mit Phosphordimpfen und
glihendem Kalk schlieBlich Calciumphosphat und Kohlenstoff synthetisiert
wurde. *’ Das chemische Symbol C wurde erst 1814 von JONS JAKOB BERZELIUS
eingefithrt. *' 1778 konnte CARL WILHELM SCHEELE nachweisen, dass Graphit
ebenfalls aus reinem Kohlenstoff besteht (Abbildung 1) * und deckte somit den

Irrtum des Blesstifts auf — auch wenn der Name bis heute geblieben ist

In der jingsten Geschichte wurde zunichst 1970 die Existenz von runden,
quasi-0D-Kohlenstoffmaterialien, den Fullerenen vorausgesagt (Abbildung 1), ***
bevor diese dann ab 1980 im Lichtbogen bei ~ 6000 °C im Vakuum hergestellt und
die Ergebnisse 1985 veroffentlicht wurden, * wofiir schlieBlich 1996 der
Nobelpreis fir Chemie an ROBERT F. CURL, HAROLD KROTO und RICHARD E.
SMALLEY vergeben wurde. ** SUMIO IJIMA entdeckte 1991 mehrwandige quasi-1D-
Kohlenstoffnanoréhrchen (Abbildung 1), wobei diese erst 1993 auch einwandig
nachgewiesen werden konnten. *** 2010 wurde der Nobelpreis ,,fiir grundlegende
Experimente mit dem zweidimensionalen Material Graphen® fur die 2004 von
ANDRE KONSTANTIN GEIM und KONSTANTIN SERGEJEWITSCH NOVOSELOV

verdffentlichte Arbeit mit Graphen vergeben. *°
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Diamant Nanordhrchen Fulleren

Abbildung 1. Vergleich  zwischen amorphem und  nicht-graphitischem
Kohlenstoff sowie Graphit. Wihrend bei Graphit die Schichten
perfekt gestapelt sind, koénnen diese bei nicht-graphitischem
Kohlenstoff  verkippt,  verdreht, verschoben und in
unterschiedlichen Abstinden angeordnet sein. Bei amorphem
Kohlenstoff ist keine kristallographische Fernordnung messbar. Bei
der Diamantstruktur liegt Kohlenstoff in einem kubischen Gitter
vor, wihrend Nanoréhrchen aufgrund ihres geringen Durchmessers

quasi-eindimensional und Fullerene quasi-nulldimensional sind.

1.1.2. Natiirliche Kohlenstoff-Vorkommen

Insgesamt existiert eine grof3e Vielzahl an verschiedenen Kohlenstoffarten: Neben
Braun- und Steinkohle, welche Mischungen aus verschiedenen Kohlenstoff-Arten,
flichtigen Bestandteilen sowie Fremdstoffen sind und auch aufgrund Ihrer
groBtenteils amorphen Struktur (Abbildung 1) hauptsichlich als Brennstoff

31,32

verwendet werden, gibt es auch wirtschaftlich signifikant gro3e natiirliche

Vorkommen von nattrlichem Kohlenstoff als Graphit und Diamant (Abbildung 1).
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Daneben gibt es auch noch natirliche Vorkommen von Fullerenen, z.B. im
natiirlichen Shungit, in Kratern von Meteoriteneinschligen sowie im interstellaren
Raum. ™ Allerdings sind diese Mengen nur sehr klein und damit wirtschaftlich
uninteressant. Weitere in sehr kleinen Mengen natiirlich vorkommende
Modifikationen sind z.B. Lonsdaleit und Chaoit, welche durch Schock-
Metamorphosen in sehr kleinen Mengen entstehen konnen. ** Aufgrund der

Seltenheit werden diese Modifikationen allerdings nicht weiter beleuchtet.

GroBere Diamanten haben die bekannteste Verwendung als Schmuckstein, kleinere
Diamanten bzw. Diamantstaub werden hingegen aufgrund der extremen Hirte bei
Werkzeugen, beispielsweise zum Schleifen oder Bohren, genutzt. Aulerdem wird
diamantartiger Kohlenstoff zur Beschichtung verwendet, um zum Beispiel die
elektrische oder thermische Leitfihigkeit zu erhohen. **' In der Natur bildet sich
Diamant nur unter sehr hohem Druck und hoher Temperatur und damit nur einige
hundert Kilometer unter der Erdoberfliche. ** Durch Eruptionen konnen
Diamanten an die Erdoberfliche transportiert werden, wobei dieser Vorgang so
schnell geht, dass keine Umwandlung in Graphit stattfindet. ** Abgebaut wird
Diamant vorwiegend in Russland, im siidlichen Afrika (Botswana, D. R. Kongo,
Angola, Siidafrika), aber auch in Australien und Kanada. * Auch in Deutschland
wurden bereits Diamanten gefunden, wobei diese Menge nur sehr klein war. **
Kianstlich kénnen Diamanten entweder unter hohem Druck und mit hohen

Temperaturen oder mittels Abscheidungsverfahren hergestellt werden.

Beztglich der Férderung macht Diamant lediglich einen sehr kleinen Bruchteil der
Kohlenstoffférderung aus (ca. 30 t im Jahr 2017 °"). Graphit hingegen wird in einem
wesentlich grofleren Mal3stab geférdert: Im Jahr 2019 wurden ca. 1.670.000 t
Graphit abgebaut. ** Wihrend weltweit in Russland die meisten Diamanten
gefordert werden, macht sich bei natiirlichem Graphit eine starke Abhingigkeit von
China bemerkbar (Abbildung 2). *** Weitere groBe Exporteure sind Indien und
Brasilien, wobei fiur den Import in die EUROPAISCHE UNION (EU) zusitzlich
Simbabwe von signifikanter Bedeutung ist. In Deutschland ist die Mine in
Kropfmiihl (Landkreis Passau) am bedeutsamsten, welche 2012 aufgrund der
steigenden Nachfrage und Preise wiedereréffnet wurde. Die Férdermenge ist aber
im Vergleich zum weltweiten Abbau nur vernachlissigbar gering. > Gebildet wird

Graphit ausgehend von kohlenstofthaltigen Sedimenten tber einen Zeitraum von
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mehreren Millionen Jahren unter Ausschluss von Sauerstoff. *** Die verschiedenen
Graphitvorkommen unterscheiden sich hinsichtlich ihrer Reinheit sowie in den
GroBen der einzelnen Graphitpartikel, weshalb ein direkter Vergleich zwischen den

unterschiedlichen Abbauregionen nur schwer méglich ist.

Weltweiter Abbau Lieferanten fur EU
Graphit
2020

Norwegen
8%

Simbabwe
Ukraine 7%

4%
Sudkorea
3%

Belarus

Kanada 4%

2%

Abbildung 2. Weltweite Foérderung von natiirlichem Graphit sowie die

Lieferanten fiir die Europiische Union (EU). >

1.2. Aktuelle Herausforderungen

1.2.1. Industrielle Relevanz und Nachhaltigkeit

Leider ist die gezeigte strukturelle Variabilitit des Kohlenstoffs aber zu grof3, um
die gesamte Bandbreite der Eigenschaften und Probleme dieser Stoffklasse in einer
einzigen Arbeit abzudecken, weshalb sich auf einzelne Aspekte beschrinkt werden
muss. Wihrend dieser Promotion wurde sich hauptsichlich mit den nicht-
graphitischen Kohlenstoffen beschiftigt, sodass hierauf das Hauptaugenmerk liegt.
Besonders bei Vortrigen und in Kooperationen mit Projektpartnern kam es aber
auch immer wieder zu Bertihrungspunkten mit porésen Kohlenstoffen, weshalb

diese Stoffklasse im Folgenden ebenfalls noch kurz angerissen wird.
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1.2.1.a. Anwendungsgebiete von Kohlenstoff

Nicht-graphitische Kohlenstoffe (NGCs) koénnen aufgrund der intrinsischen
Unordnung Mikroporen besitzen, welche durch gezielte makroporése Templatie-
rung (z.B. mittels Silica) vergroBert werden kénnen. = Gleichzeitig bleibt durch
die hoch geordnete Schichtstruktur weiterhin die chemische und physikalische
Stabilitit erhalten, weshalb NGCs eine geeignete Stoffklasse fiir elektrochemische
Anwendungen als Trigermaterial fir Katalysatoren darstellen. 65-82 Besonders die
Moglichkeit, die Porengréfle auf Mikro- und Makroebene gezielt zu variieren,
ermoglicht es, perfekt auf die Ionengroflen abgestimmte Superkondensatoren

herzustellen.

Natiirlicher Graphit wird zum Beispiel in Lithium-Ionen-Akkumulatoren fir die

83-86

Einlagerung von Li als Anode verwendet (Abbildung 3). Bei Natrium-Ionen-

91 und  bei

Akkumulatoren dient ungeordneter Kohlenstoff als Anode
Aluminium-lonen-Akkumulatoren kann poréser Kohlenstoff als Kathode genutzt
werden (Abbildung 3). "> Aufgrund der hohen Oberfliche lassen sich

63,82,96

Kohlenstoffelektroden auch in Superkondensatoren und Brennstoffzellen

nutzen (Abbildung 3). ”*

Die porésen Derivate und die aus Carbid hergestellten Kohlenstoffe (carbide derived
carbons, CDCs) werden — aufgrund der hohen Permeabilitit und des geringen Preises
bei gleichzeitig hoher Verfiigbarkeit — oftmals als Luft- und Wasserfilter und zur
Gasspeicherung und -trennung verwendet. Beispielsweise konnen stickstoffdotierte
mesopordse Kohlenstoffe zur Speicherung von CO; eingesetzt werden. #7810
Direkte Anwendung finden porése Kohlenstoffe als Aktivkohle in Luftfiltern in
Autos oder Gebduden, wobeli hier die Schadstoffe adsorbiert werden, weshalb diese
Filter regelmal3ig ausgetauscht werden mussen. Der geringe Preis und die hohe
Verfiigbarkeit machen porése Kohlenstoffe auch zu einem guten Kandidaten fur
nachhaltige Wasserfilter. Durch die beeinflussbare Porositit sowie die toxische
Unbedenklichkeit lassen sich porése Kohlenstoffe zur Schmutz- und Salzwasser-

aufbereitung nutzen. *H00H1031%6

6
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Abbildung 3.

Wiahrend bei Lithium- und Natrium-Ionen-Akkumulatoren (nicht-)
graphitischer Kohlenstoff als Anodenmaterial verwendet wird, kann
poroser Kohlenstoff in  Aluminium-Ionen-Akkumulatoren als
Kathode verwendet Die hohe Oberfliche
Kohlenstoffelektroden

werden. der

erméglicht  auch den FEinsatz in

Superkondensatoren. Ebenso wird Kohlenstoff als Elektrode in
und Luftfilter

Brennstoffzellen und Aktivkohle als Wasser-

eingesetzt. Angelehnt an Ref. *

Auch in Zukunft wird die Optimierung und Weiterentwicklung von elektrischen

Speichersystemen eine essenzielle Rolle in Hinblick auf Nachhaltigkeit spielen.

Nicht nur die Endlichkeit fossiler Rohstoffe, sondern auch die globale Verteilung

dieser zeigt in Zusammenhang mit den aktuellen Krisen (z.B. die Corona-Pandemie
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und der Ukraine-Krieg), dass energetische Unabhingigkeit und Nachhaltigkeit
unabdingbar fir die europiische Zukunft sind. In den bisher genannten
elektrochemischen Anwendungen wird aktuell haufig noch natiitlicher Graphit als
Rohstoff verwendet, wobei der GroB3teil aus nicht-EU Landern importiert wird und
als kritischer Rohstoff gilt (Abbildung 2 sowie Abschnitt 1.2.1.b). *** Alternativen
hierzu kénnte die Substitution durch nicht-graphitische Kohlenstoffe sein, welche
auch aus nachhaltigen organischen Vorstufen und Abfillen synthetisiert werden
kénnen. Konkret konnen zum Beispiel Apfel-Fallobst, Bananenschalen oder
andere Bioabfille als Anodenmaterial in Natrium- oder Kalium-Ionen-
Akkumulatoren ~ sowie  in  Superkondensatoren  eingesetzt  werden
(Abbildung 3). “**" """ Fiir die Anwendung von Graphit in Solarzellen kénnen

bereits synthetische Produkte genutzt werden. ''>'"

1.2.1.b. Natiirlicher Graphit als kritischer Rohstoff

Wie bereits beschrieben, ist Graphit wichtig fiir die Produktion von Akkumulatoren
und Superkondensatoren. Allerdings wird fiir diese Produkte oft hochreiner
nattrlicher Graphit eingesetzt, der aber seit tber 10 Jahren zu den kritischen
Rohstoffen in der EU gehort und dessen Verbrauch daher signifikant gemindert
werden sollte (Abbildung 4). %!+ Gleichzeitig ist die Produktion von
synthetischem Graphit aufgrund der hohen Temperaturen (bis zu 3000 °C) teuer
und zeitaufwendig, sodass es der Industrie aktuell oft noch an Anreizen fehlt,

natirlichen Graphit zu substituieren.

Dazu muss noch beachtet werden, dass verschiedene Arten an natiirlichem Graphit
in verschiedenen Reinheiten existieren: Lamellengraphit (sehr hohe Reinheit),
amorpher Graphit (niedriger Kohlenstoffgehalt, kleine Partikel) sowie Fasergraphit
(hochwertiger Graphit; auch Sri-Lanka-Graphit oder Ceylon-Graphit genannt, da
dort die einzig signifikanten Vorkommen sind). " In der Elektroindustrie weit
verbreitet ist auch noch der sogenannte sphirische Graphit (runde Graphitpartikel),
welcher aus Lamellengraphit hergestellt wird. ''"'*' Allerdings liegt hier die
Produktausbeute bei nur ~ 30 %, sodass hierfiir also uberproportional viel
natirlicher Graphit verbraucht wird. Daher ist der Anteil von ~ 55 % von

Lamellengraphit am Gesamt-Graphitvorkommen umso problematischer, wenn es
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um nachhaltige Energiespeicherung geht. Amorpher Kohlenstoff kommt zwar mit
~ 44 % immer noch recht haufig vor, allerdings sind hier die Partikel sehr klein und
in der Regel in Braun- und Steinkohle gebunden. ''"'** Fasergraphit ist aufgrund des
geringen Vorkommens (~ 1%) nicht von nachhaltiger Relevanz, zumal die
resultierende Qualitit trotz aufwendiger Aufreinigung zu niedrig fir viele

Anwendungen ist. """

Auch die EUROPAISCHE KOMMISSION hat dieses Problem erkannt: Seit dem ersten
Bericht dber kritische Rohstoffe im Jahr 2011 zdhlt Graphit zu eben diesen
kritischen Rohstoffen. ***'"*'"® In Abbildung 4 ist das Versorgungsrisiko gegen die
wirtschaftliche Bedeutung aufgetragen. Das Versorgungsrisiko ist ein Mal3 fir das
Risiko, dass dieser Rohstoff fiir die EU ausfillt: Je hoher dieser Wert ist, desto
hoher ist das Ausfallrisiko (zum Beispiel durch Restriktionen aufgrund von
Sanktionen, Handelsvertrigen oder natiirlicher Verfiigbarkeit. Bei einem Wert > 1
wird die Verfiigbarkeit als &rnitisch eingestuft). >>**"'""" Fir die wirtschaftliche
Bedentung spielen sowohl die Relevanz fiir die Industrie und Anwendungen
innerhalb der EUROPAISCHEN UNION als auch die Moglichkeit fiir
Rohstoffsubstitution eine Rolle. Hier wurde ein Wert von 2,8 als kritische Schwelle
festgelegt. Sind das Versorgungsrisiko und die wirtschaftliche Bedeutung kritisch,

so ist es der gesamte Rohstoff. *»>*!LH+118

Neben Graphit ist noch eine weitere Auswahl der von DER EUROPAISCHEN
KOMMISSION als kritisch eingestuften Rohstoffe in Abbildung 4 gezeigt. Fir
Lithium-Ionen-Akkumulatoren sind neben Graphit (12 — 21 Gew.-%) zusitzlich
auch noch Lithium (5-7 Gew.-%), Kobalt (5-20 Gew.-%) und Nickel
(5 — 10 Gew.-%) entscheidend. '* Bis auf Nickel gehéren alle Rohstoffe seit 2020
zu den kritischen Materialien. Bemerkenswert ist, dass die Kritikalitit von Graphit
im Gegensatz zu den anderen Stoffen in der Offentlichkeit kaum wahrgenommen

und diskutiert wird, obwohl das Versorgungsrisiko héher eingeschitzt wird.

9
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Abbildung 4. Ausgewihlte von der BEUROPAISCHEN KOMMISSION als Artisch

eingestufte Rohstoffe (rot markiert). Die gezeigten Daten beziehen
sich auf den Bericht von 2020, wobei fiir Graphit als Vergleich auch
noch die Jahre 2011 — 2017 herangezogen wurden. ***'"*'* 2014 ist
noch synthetischer Graphit in die Berechnung mit eingeflossen, seit
2017 wird allerdings nur noch natiirlicher Graphit berticksichtigt,

weshalb es zu einem Sprung gekommen ist. Angelehnt an Ref. >4
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Neben der Substitution durch synthetischen Graphitist auch die Substitution durch
andere Materialien eine Moglichkeit. Fiir Hochtemperaturanwendungen und in
GieBereien lassen sich zum Beispiel auch Beschichtungen aus Siliziumnitrid oder
pyrogenem Kohlenstoff bzw. kalzinierten Petrolkoks einsetzen. '>!'7"1?h1241% Bej
Lithium-Ionen-Akkumulatoren ldsst sich Graphit prinzipiell auch durch

Lithiumtitanat ersetzen, ''h!5!17:129130

wobei hier fraglich ist, ob es sinnvoll ist, ein
kritisches Material (Graphit) durch ein anderes (Lithium) zu ersetzen. Aullerdem ist
unklar, ob Lithium-Ionen-Akkumulatoren langfristig nicht auch durch andere
Speicherméglichkeiten  (Nattium-/Kalium-/Aluminium-Ionen,  Redox-Fluss-
Akkumulatoren, Wasserstoff-Brennstoffzellen) ersetzt werden. ®"%%709>779%8.131-138
Allerdings gibt es auch bei diesen Technologien Probleme beziiglich der
Nachhaltigkeit, zum Beispiel die Verwendung von schnell teurer werdendem
Vanadium in Redox-Flow-Batterien oder die nachhaltige Speicherung von

Wasserstoff fiir die entsprechenden Brennstoffzellen. 97,98,131-136

Verbrauch 2017 - 2,41 Mt Verbrauch 2027 - 4,35 Mt

Andere
(NG)
10%

Graphit-Formen
(SG) 4%

Graphit-Formen (SG)
5%
GieBerein (NG)
4%
Schmierstoffe (SG)
4%

Schmierstoffe (SG)
5%
Akkus (NG) Akkus (SG)
8%
Feuerfeste
Materialien Feuerfeste
Materialien
(NG)
12%

GieBerein NG = Naturgraphit
(NG) 5% SG = Synthetischer Graphit

Abbildung 5. Verbrauch und Nutzung von Graphit im Jahr 2017 (2.410.000 t)
sowie Vorhersage fiir 2027 (4.350.000 t). **'* Bis zum Jahr 2027
wird der Verbrauch von Graphit stark ansteigen, wobei auch ein

erhohter absoluter Verbrauch von Naturgraphit erwartet wird.
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Auch ist die Recyclingrate von Graphit vernachlassigbar gering (Abbildung 4), was
vor Allem an der Wirtschaftlichkeit liegt: Der Recyclingprozess ist aufwendig und
das Produkt hat nicht dieselbe Reinheit und damit nicht dieselben Eigenschaften
wie Naturgraphit. '* Dazu wird zum Beispiel bei der Aluminiumherstellung bei der
Schmelzflusselektrolyse Graphit in CO, umgewandelt, sodass hier ein direktes
Recycling gar nicht moglich ist. '** Auch wenn hierfiir bereits oftmals synthetischer
Graphit verwendet wird, ist der Gesamtverbrauch stark angestiegen (Abbildung 5).
P21 Fiir den Gesamtverbrauch von Graphit wird eine Steigerung von 2,41 Mio. t
im Jahr 2017 bis zu 4,35 Mio. t im Jahr 2027 erwartet (Abbildung 5). ">
Besonders problematisch ist hierbei der erhéhte Verbrauch von Naturgraphit,
welcher weiterhin besonders fir Akkumulatoren, feuerfeste Materialien sowie in
GieBereien bendtigt wird. Der Anteil von synthetischem Graphit wird

voraussichtlich auch 2027 geringer als der des natiirlichen Graphits sein.'?

Zusammengefasst lisst sich festhalten, dass natiirlicher Graphit aufgrund der
steigenden Nachfrage bei gleichzeitig endlichen Vorkommen langfristig auf jeden
Fall substituiert werden sollte. Als direkte Moglichkeit bietet sich hierftir der Einsatz
von synthetischem Graphit und nicht-graphitischem Kohlenstoff an. Es wurde
jedoch ebenfalls schon gezeigt, dass fiir die verschiedenen Anwendungen auch
unterschiedliche makroskopische Eigenschaften notwendig sind. Hierfir muss
insbesondere die Mikrostruktur detailliert analysiert werden, welche einen direkten
Einfluss auf die makroskopischen Eigenschaften hat, um die vorhandenen
Rohstoffe optimal einsetzen zu kénnen. Im nichsten Abschnitt werden daher die
aktuellen Herausforderungen beztiglich der Synthese und Charakterisierung der

(nicht-)graphitischen Substituenten niher beleuchtet.

1.2.2. Offene Forschungsfragen

Da physikalische Eigenschaften wie thermische und chemische Bestindigkeit und
elektrische Merkmale in direktem Zusammenhang mit der Mikrostruktur von
NGCs stehen, " ist es wichtig, diese Struktur genau zu analysieren, um NGCs auch
in grolem MaB3stab sinnvoll einsetzen und damit kritische Rohstoffe substituieren
zu kénnen. Eine Méglichkeit ist die weit verbreitete Analyse mittels WAXS, deren

Vor- und Nachteile im Folgenden kurz beschrieben werden.

12
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Obwohl sich Weitwinkel-Rontgenstreuung (WAXS) leicht durchfithren ldsst und
daher weit verbreitet ist, wird die Analyse von NGCs durch WAXS durch mehrere
Probleme erschwert: Insbesondere die Dimpfung des Atomformfaktors und der
oftmals stark begrenzte Messbereich verhindern dabei die Analyse von Reflexen
hoherer Ordnung, die jedoch entscheidend fiir die Bestimmung der Stapel-
/SchichtgroBe (L., L) und Unordnung (o, o3) sind, da beide GtroBen in die
Reflexbreite eingehen. AuBlerdem leidet WAXS wunter einem nicht zu
vernachlissigenden inkohirenten Untergrund, welcher genau berticksichtigt

werden muss und bei Weitwinkel-Neutronenstreuung (WANS) einfacher zu

handhaben ist (siche auch Abbildung 6 und Abschnitt 2.4).

Die Nutzung von WANS bietet gegentiber WAXS noch weitere Vorteile, nimlich
der Wegfall der Dampfung durch den Atomformfaktor und ein gro3er Messbereich
durch variable Wellenlinge. Allerdings zeigen bisherige Ergebnisse vom Helmholz-
Zentrum in Berlin, * dass das in dieser Arbeit verwendete Struktur- und
Anpassungsmodell von RULAND & SMARSLY ° zwar prinzipiell auf WANS-Daten
von NGCs angewendet werden kann, allerdings gibt es auch hier noch einige offene
Punkte: Der in den vorangegangenen Studien verwendete Messbereich war relativ
klein, sodass fiir diese Arbeit Proben an einem anderen Gerit mit einem gro3eren
Messbereich am Institut Laue-Langevin in Grenoble gemessen wurden
(Abbildung 6). Allerdings leiden diese WANS-Daten unter einer signifikanten
Reflexverbreiterung bei kleinen Streuvektorlingen s< 1A' (s=2 - sin(6)/A),
sodass sie mit den WANS-Daten von vorherigen Messungen * kombiniert wurden,

bei denen dieses Problem nicht auftritt (Abbildung 6).

Durch die Kombination dieser beiden Datensitze konnten WANS-Daten erhalten
werden, welche sowohl hoch aufgelst sind (kleines As/s) als auch einen groBen
s-Bereich bieten. Die Mikrostruktur der Graphenschichten- und Stapel konnte
damit genauer als bisher bestimmt werden. Im Verlauf der Arbeit hat sich dadurch
herausgestellt, dass die Mikrostrukturquantifizierung mit den bisherigen Methoden
zu ungenau war. Daneben wurden in vorherigen Arbeiten lediglich Proben
einzelner Wirmebehandlungstemperaturen und keine vollstindigen Temperatur-
rethen analysiert. So konnten die Strukturverliufe und -entwicklungen der
wirmebehandlungstemperaturabhingigen Syntheseprodukte bisher nicht exakt

ausgewertet werden.
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Abbildung 6. 'WAXS-Messungen besitzen allgemein die Nachteile der Dimpfung
des Atomformfaktors, eines inkohirenten Untergrunds sowie eines
begrenzten Messbereichs. WANS-Daten besitzen die ersten beiden
Nachteile jedoch nicht. Allerdings haben die Daten, welche in Berlin
gemessen wurden, lediglich einen begrenzten Messbereich, wihrend
die Daten, welche in Grenoble gemessen wurden, eine starke
experimentelle Verbreiterung im kleinen s-Bereich aufweisen. Somit
konnen nur kombinierte WANS-Messungen die Vorteile eines
hohen Messbereiches bei gleichzeitig hoher Datenqualitit bieten.
Reproduziert mit Genehmigung von Oliver Osswald; veroffentlicht

bei MDPI, C, 2023.
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Die aktuell gingigste und vielversprechendste Methode zur Quantifizierung der
Mikrostrukturparameter ist zwar die Verwendung von Weitwinkel-Rontgen- und
Neutronenstreuung (wide-angle X-ray/ neutron scattering, WAXS/
WANS), 6102269910514 llerdings sind aufgrund der breiten, iiberlappenden
und asymmetrischen Reflexe %' klassische Auswertungs-Ansitze wie zum
Beispiel die SCHERRER-Analyse, '* die auf der Analyse der Breite von getrennten
WAXS/WANS-Maxima  basieren, fur die  Mikrostrukturanalyse  von
WAXS/WANS-Daten von NGCs ungeeignet. ' Daher ist die Auswertung von
solchen Streudaten nicht trivial, weshalb spezielle Software zur Anpassung ben6tigt
wird (mehr dazu in Abschnitt 2.3.1). Leider erfillt die bisher verfugbare Software

nicht alle gewiinschten Anforderungen. '*&!#13>-136.10L167.174

Daher bestand noch vor der eigentlich Datenanalyse das erste Ziel dieser Arbeit
darin, eine geeignete Software zu entwickeln, welche sowohl WAXS- als auch
WANS-Daten  unter  Beriicksichtigung  verschiedener — Gerite-  und
Untergrundparameter anpassen kann und gleichzeitig vollstindig auf kostenloser
Drittsoftware basiert. Dazu sollte die Anpassung moglichst auf verschiedenen
Betriebssystemen vollkommen automatisch funktionieren und moglichst einfach zu
handhaben sein. Auch musste zunichst sichergestellt werden, dass sich das
theoretische Modell von Ruland & Smarsly ° iiberhaupt auf WANS-Daten

anwenden lasst.
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2. Theoretische Grundlagen

2.1. Begriffsdefinitionen

Sowohl in der Literatur als auch in wissenschaftlichen Vortrigen kommen immer
wieder Unstimmigkeiten und Widerspriiche zur Verwendung der Begrifte amorpher,
nicht-graphitischer, graphitischer Koblenstoff und Graphit zam Vorschein. Daher soll an
dieser Stelle zunachst eine detaillierte Begriffsdefinition ergidnzend zu Abbildung 1,
welche bereits schematische Darstellungen zu den verschiedenen Strukturen gezeigt

hat, erfolgen.

Laut der INTERNATIONALEN UNION FUR REINE UND ANGEWANDTE CHEMIE (engl.
INTERNATIONAL UNION OF PURE AND APPLIED CHEMISTRY, kurz IUPAC) ist
amonpher Koblenstoff ,,ein Kohlenstoffmaterial ohne kristalline Fernordnung®, auf
,,Materialien mit lokalisierten n-Elektronen beschrinkt* und , nicht anwendbar auf
Kohlenstoffmaterialien mit zweidimensionalen Strukturelementen [...] mit einem
nahezu idealen interatomaren Abstand von 2 = 142 pm und einer Ausdehnung von

« 181

mehr als 1000 pm*.

Nicht-graphitischer Koblenstoff ist laut IUPAC-Definition ein Festkorper ,,mit
zweidimensionaler Fernordnung der Kohlenstoffatome in planaren hexagonalen
Netzwerken, jedoch ohne messbare kristallographische Ordnung in der dritten
Richtung (c-Richtung) abgesehen von mehr oder weniger paralleler Stapelung®. '*
Im Gegensatz zum amorphen Kohlenstoff liegt bei diesen Stoffen also eine
messbare Fernordnung in den Schichten vor, wobei die Schichten gestapelt sind.
Eine solche Ordnung, bei der die Schichten zwar parallel angeordnet, aber

gegeneinander verschoben und/oder verkippt sind, wird auch als furbostratisch

bezeichnet.

Graphit ist von der IUPAC als Kohlenstoff mit einer perfekten Kristallstruktur
definiert, wobei ,,die Schichten [...] in einer dreidimensionalen kristallinen
Fernordnung parallel zueinander gestapelt sind. ' Als graphitischer Koblenstoff
werden ,,alle Arten von Stoffen, die aus dem Element Kohlenstoff in der allotropen
Form von Graphit® bezeichnet, wobei die Abgrenzung zu Graphit durch das

Fehlen einer ,,perfekten Graphitstruktur gezogen wird. *>'*
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Bei genauer Betrachtung kénnte man auch die bereits angesprochene Verschiebung
und Verkippung der turbostratischen Kohlenstoffe als einen solchen strukturellen
Defekt ansehen, sodass bei einer wortlichen Auslegung der IUPAC-Definition ein
nicht-graphitischer Kohlenstoff eigentlich auch ein graphitischer Kohlenstoff ist.
Allerdings wird zur Klirung dieses Widerspruchs weiter ausgefithrt, dass ,,die
Verwendung des Begriffs graphitischer Kohlenstoff™ lediglich dann gerechtfertigt
ist, wenn ,,durch Beugungsmethoden dreidimensionale hexagonale kristalline
Fernordnung im Material nachgewiesen werden kann. Andernfalls sollte der Begrift
nicht-graphitischer Kohlenstoff verwendet werden®. '* Bemerkenswert hierbei ist,
dass zur genauen Definition von nicht-graphitischem Kohlenstoff und zur
Abgrenzung zum graphitischen Kohlenstoff eine Messmethode herangezogen

wird, um den eigentlich flieBenden Ubergang wieder scharf abgrenzen zu kénnen.

Als  Graphitiernng ~ wird ~ wiederum ,eine  Festkérperumwandlung  von
thermodynamisch instabilem nicht-graphitischem Kohlenstoff in Graphit durch
Wirmebehandlung® bezeichnet. ' Nicht-graphitische Kohlenstoffe, die ,,sich bei
der [...] Wirmebehandlung in graphitischen Kohlenstoff* umwandeln, werden
graphitierbarer Koblenstoff genannt, das Produkt ist dann graphitierter Koblenstoff. """ Im
Gegensatz dazu ist ein nicht-graphitierbarer Koblenstoff ,,ein nicht-graphitischer
Kohlenstoff, der allein durch Hochtemperaturbehandlung [...] nicht in
graphitischen Kohlenstoff umgewandelt werden kann®. "** Er bleibt also weiterhin
nicht-graphitisch, wobei als Ergebnis glasartiger Koblenstoff (glass-like carbon) mit ,,einer
sehr geringen Durchlissigkeit fur Flissigkeiten und Gase™, bei dem ,die
Originalflichen und die Bruchflichen [...] ein pseudoglasartiges Aussehen® haben,
erhalten wird. " Der hiufig verwendete Begtiffe glassy carbon wurde jedoch ,,als

Warenzeichen eingefiihrt und sollte daher nicht verwendet werden®. '

Zuletzt sollte auch darauf geachtet werden, dass Graphitierung und Karbonisierung
unterschiedliche Vorginge sind. Bei der Karbonisiernng werden ,,aus organischem
Material meist durch Pyrolyse in inerter Atmosphire feste Rickstinde mit

< 190

steigendem Gehalt des Elements Kohlenstoff gebildet™ ™, welche wiederum spiter

graphitiert werden kénnen.

18
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2.2. Struktur und Synthese von NGCs

2.2.1. Kristallstruktur

Graphit

Abbildung 7. Einheitszellen von Graphit und Graphen. Beide Strukturen besitzen

hexagonale Einheitszellen mit denselben Gitterparametern « und .

Graphit und nicht-graphitische Kohlenstoffe bestehen aus mehreren Schichten von
hexagonal angeordneten Kohlenstoffatomen (Abbildung 7). In diesen Schichten
bilden jeweils drei Elektronen aus den 2s-, 2p- und 2p,-Orbitalen der Atome eine
o-Bindung zu Nachbaratomen aus, sodass in der gesamten Schicht eine

GHILI- yie 74 den Schichten senkrecht stehenden

sp*-Hybridisierung votliegt.
2p,~Orbitale bilden 7-Bindungen mit delokalisierten Elektronen zu den jeweiligen
nichsten Nachbarn aus, was die hohe elektrische Leitfahigkeit von

Graphenschichten erklirt. Die Gitterparameter betragen in Schichtrichtung
a=b=\3 L. =V3-142A=246A D
und der Winkel zwischen den Gittervektoren bzw. zwei C-C Bindungen ist 120 °.

In Stapelrichtung betrigt der Schichtabstand a5 = 3,35 A und der Gitterparameter
somit ¢ = 245 = 6,7 A. 77 Allerdings liegen zwischen den Schichten keine
kovalenten  Bindungen, sondern lediglich  schwache  van-der-Waals-
Wechselwirkungen vor. Die Schichten kénnen nicht nur hexagonal (ABABAB;
JOHN DESMOND BERNAL '), sondern auch rhomboedrisch (ABCABC; HENRY
SOLOMON LIPSON & ALEXAN-DER RAWSON STOKES ') angeordnet sein, wobei
die hexagonale Modifikation aufgrund der thermodynamischen Stabilitit wesentlich

hiufiger vorkommt. %'
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Kohlenstoffe, welche aus Stapeln parallel geschichteter sp*-hybridisierter
Kohlenstofflagen ohne dreidimensionale kristalline Fernordnung bestehen, werden
als nicht-graphitische Koblenstoffe (engl. non-graphitic carbons, NGCs) bezeichnet. '
Falschlicherweise werden solche turbostratischen Strukturen in der Literatur oft als

synthetischer  Graphit bezeichnet. Dieser Terminus meint aber id.R. nicht-

graphitischen Kohlenstoff und nicht Graphit im kristallographischen Sinn.

Im Gegensatz zu Graphit, bei dem die Struktur perfekt geordnet ist, besitzen nicht-
graphitische Kohlenstoffe unterschiedliche Stapelabstinde (a3), welche zusitzlich
noch voneinander abweichen kénnen (Varianz gs). Auch variiert die Stapelhche (L)
abhingig von dem Prikursor sowie der Wirmebehandlungstemperatur bei der
Graphitierung. Gleichzeitig besitzen auch die Schichten eine endliche Ausdehnung
(L) und die durchschnittliche Kohlenstoff-Bindungslinge (%) unterliegt ebenfalls
einer gewissen Unordnung (g;). >"*H*>101976 2002 haben WILHELM RULAND &
BERND MICHAEL SMARSLY ein erweitertes mathematisches Modell entwickelt,
welches den Einfluss verschiedener Strukturparameter auf die Weitwinkelstreuung
beschreibt. > Wie von RULAND & SMARSLY beschrieben und in Abbildung 8 gezeigt,
lisst sich die Struktur klar in Schicht- und Stapelparameter differenzieren. Die

Theorie beziiglich der Streuung wird in Abschnitt 2.4 naher erlautert.

Graphitierbare Kohlenstoffe konnen bei hohen Behandlungstemperaturen eine
graphitahnliche Struktur mit dreidimensionaler Fernordnung bilden (Abbildung 8)
— bei nicht-graphitierbaren Kohlenstoffen ist dies nicht der Fall. Diese bleiben auch
bei hohen Behandlungstemperaturen im gewissen Mal3e ungeordnet und bilden
Glasartige Koblenstoffe. *"*"" Trotz dieser prinzipiellen strukturellen Unterschiede
besitzen die graphitierbaren und nicht-graphitierbaren nicht-graphitischen
Kohlenstoffe auch einige Gemeinsamkeiten: Die thermische Stabilitit und
chemische Inertheit ist bis zur Héhe der Behandlungstemperatur weiterhin gegeben

und auch die Mikrostruktur lisst sich mit ihnlichen Parametern beschreiben. 577202

20
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Abbildung 8. Prinzipieller Aufbau von graphitierbaren und nicht graphitierbaren
nicht-graphitischen ~ Kohlenstoffen: ~ Die  g™hybridisierten
Graphenschichten ~ sind  tbereinandergestapelt,  allerdings
gegeneinander  verdreht und  verschoben, sodass  keine
dreidimensionale Fernordnung entsteht. Die Mikrostruktur ldsst
sich durch verschiedene Parameter, hauptsichlich tber die
Abstinde, Schicht-/StapelgroBen sowie die Unordnungsparameter
beschreiben (mehr dazu in Abschnitt 2.4). Angelehnt an Ref. ',

]
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2.2.2. NGC-Synthese durch thermische Behandlung

Die bereits genannte thermische Behandlung ist prinzipiell in drei Bereiche
gegliedert, wobei fir die jeweiligen Bereiche aber keine starren Temperaturgrenzen
existieren. Zundchst werden die synthetischen Prikursoren oder die verwendeten
Biomasseabfille pyrolysiert und dann bei héheren Temperaturen zunichst

karbonisiert und — je nach Prikursor — graphitiert. 64,111,200,203

Bei der Pyrolyse (~ 1.000 — 1.500 °C) reagieren zunichst die Votldufer-
verbindungen untereinander und bilden Polymere bzw. isomerieren/aromatisieren.
Dabei werden oftmals fliichtige Molekile wie Kohlenstoffdioxid, Methan, Wasser

64,70,111,145,192,203-206

oder andere kleine organische Verbindungen frei. In diesem

Temperaturbereich liegt neben dem gewiinschten sp™hybridisierten Kohlenstoff
oftmals auch noch Kohlenstoff mit s'- oder sp’-Hybridisierung vor. "!1203205208
Allerdings sind konkrete Aussagen Uber die Anteile und den genauen
Temperaturbereich stark von den jeweiligen Vorliauferverbindungen abhingig,
sodass es sich hierbei mehr um Richtwerte als um absolute Werte handelt.
Insgesamt liegen in diesem Bereich aber schon sp*-hybridisierte Graphenschichten
mit messbarer Ausdehnung vor. Diese Schichten sind auch parallel angeordnet,
sodass die turbostratische Struktur mittels Weitwinkelstreuung entsprechend

gemessen und analysiert werden kann. %

Bei héheren Temperaturen bis ~ 2.500 °C spricht man vom Bereich der
Graphitierung. In diesem Temperaturbereich erfolgt ein weiteres Lagen- und
Stapelwachstum. Hierbei wird nicht nur die GroB3e der einzelnen Schichten oder
der Stapel, sondern auch deren intrinsische Ordnung erhéht. Allerdings liegt in der
Regel noch keine dreidimensionale Fernordnung vor und die Struktur ist weiter
turbostratisch. ' Bei noch héheren Temperaturen (bis zu 3.000 °C) muss zwischen
graphitierbaren und nicht-graphitierbaren Kohlenstoffen bzw. Prikursoren
unterschieden werden. Bei graphitierbaren Vorliufern wie zum Beispiel bei
polyzyklischen aromatischen Kohlenstoffen liegen bereits bei Raumtemperaturen
zum GroBteil sp>-hybridisierte Kohlenstoffatome vor. Daher ist bei diesen
Prikursoren das bereits genannte Schichtwachstum im Vergleich zu Phenol-
Formaldehyd-Harzen schneller. Auch ordnen sich die einzelnen Schichten bei sehr

hohen Temperaturen graphitihnlich an, sodass eine dreidimensionale Fernordnung
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messbar ist. Allerdings entspricht die Struktur hier immer noch nicht der von

perfektem Graphit, sondern es liegt noch eine gewisse Unordnung vor

(Abbildung 9). 2°

Nicht-graphitierbare Prakursoren wie zum Beispiel Phenol-Formaldehyd-
Resolharz bilden zunichst Polymere, welche aber immer noch einen signifikanten
Anteil an Fremdatomen wie zum Beispiel Sauerstoff enthalten. Daher ist hier das
Lagen- und Stapelwachstum wesentlich langsamer. Daraus folgen glasartige
Kohlenstoffe mit geordneter Graphen- aber ungeordneter Stapelstruktur mit

210

Mikroporen im Nanometerbereich (Abbildung 9).

Phenol-Formaldehyd-Harze Peche

" C‘Q

=
C
:‘o
0
e
oe

Glasartiger Kohlenstoff Graphitischer Kohlenstoff

Abbildung 9. Schematische Darstellung der verschiedenen Prikursoren. Phenol-
Formaldehyd-Harze bilden bei hohen Temperaturen leicht pordse
glasartige Kohlenstoffe, wihrend Peche, insbesondere Peche mit
niedrigem Erweichungspunkt, bei sehr hohen Temperaturen
Graphit oder zumindest hochgeordneten graphitihnlichen
Kohlenstoff bilden kénnen. Reproduziert mit Genehmigung von

Oliver Osswald; veréffentlicht bei MDPI, C, 2023,

[\S]
(O8]
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2.3. Analysemethoden

Fir die Mikrostrukturanalyse von NGCs werden aktuell tiblicherweise drei Ansatze

angewendet: Transmissionselektronenmikroskopie (TEM), 6h10%14515%139,169.204211

Raman-Spektroskopie ~ >*!h17212-221

streuung (WAXS/WANS) 1,2,61,62,100,145,147-150,153-157,170,172—-174,176-178,204,209,217,222 Hierbei

sowie Weitwinkel-Rontgen-/Neutronen-

konnen die entsprechenden Daten zum Teil auch simuliert werden (Abbildung 10).
Daneben kann auch Kleinwinkelstreuung fiir die Strukturanalyse von pordsen
Kohlenstoffen genutzt werden. Mittels Kleinwinkelstreuung lisst sich jedoch nicht
die Mikrostruktur auf atomarer Ebene bestimmen. Stattdessen kann diese Methode

223-228

tir die Analyse von Porensystemen genutzt werden, weshalb sie hier auch

nicht weiter ausgefiihrt wird.

Mittels TEM lassen sich zwar die Stapel- und Schichtgrof3en bestimmen und auch
quantitativ messen, allerdings lsst sich die Schichtunordnung bislang nicht und die
Stapelunordnung nur sehr schwer quantifizieren. Raman-Spektroskopie kann
verwendet werden, um die durchschnittliche Schichtausdehnung I, quantitativ und
die Schicht- und Stapelordnung qualitativ zu bestimmen, allerdings wird hier immer
noch diskutiert, wie genau I, berechnet werden muss und inwiefern diese Daten

vergleichbar zu den Ergebnissen aus WAXS/WANS-Messungen sind. ''"172%

24
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nicht-

Simu-

graphitischer
Kohlenstoff:

Abbildung 10.

Vergleich  von  verschiedenen  Messmethoden  fir  die
Charakterisierung von NGCs. Die Mikrostruktur von NGCs lisst
sich mittels Rontgen-, Neutronenstreuung, Raman-Spektroskopie
und Elektronenmikroskopie bestimmen. TEM-Bild entnommen
von Ref. ** (Creative-Commons-Lizenz:

http:/ /www.cteativecommons.org/licenses/by/4.0).
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2.3.1. Weitwinkelstreuung

Da die Strukturaufklirung von nicht-graphitischen Kohlenstoffen in dieser Arbeit
hauptsichlich mittels Weitwinkelstreuung erfolgte, wird dieses Verfahren niher
beschrieben. Der genutzte Effekt wurde zunichst von MAX VON LAUE entdeckt
(Nobelpreis fir Physik 1914 fir seine Entdeckung der Beugung von
Rontgenstrahlen durch Kiristalle®), **** aber erst von WILLIAM HENRY und
WILLIAM LAWRENCE BRAGG korrekt erklirt und fiir Strukturanalyse verwendet
(Nobelpreis fur Physik 1915 fur ihre Verdienste bei der Analyse der

Kristallstruktur mittels Rontgenstrahlen®). 2>

— Rontgen-/ — 5§s=5 -5
ein & pa
~~_ Neutronen- >

[\ . strahlen
NG N\ -~ d
6 ~ S

d | ||§” =s=1/d =

aus _ =ein

”Sein” =||saus” =1/A

2 sin(6)
A

Netzebenen A= Wellenlange

Abbildung 11. Schematische Darstellung des Streueffekts an Kiristallgittern: Die
eingehenden Strahlen streuen an den einzelnen Atomen, was
phinomenologisch auch als Beugung am (Kristall-)Gitter
beschrieben werden kann. Dadurch kommt es bei bestimmten
Winkel-/Wellenlinge-/Gitterabstandverhiltnissen zu konstruktiver

Interferenz, welche beim Experiment gemessen wird.

Bei kristallinen Stoffen sind die Atome periodisch in einem Gitter angeordnet,
sodass es abhingig von der Wellenlinge bei bestimmten Ein- und Ausfallswinkeln
zu konstruktiver Interferenz kommt (Abbildung 11). Durch die gemessene
Intensitit bzw. Interferenz in Abhingigkeit des Messwinkels entsteht ein
Diffraktogramm, bei dem die gemessenen Interferenzen den Kristall-Gitterebenen
entsprechen. So lassen sich die gewtnschten Informationen bezilglich der

Mikrostruktur ermitteln.

26
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Photonen werden an der Elektronenhdlle als Kugel und Neutronen am Nukleus als
Punktzentrum gestreut. Es kommt genau dann zu konstruktiver Interferenz, wenn
der Gangunterschied zwischen zwei (oder mehreren) Strahlen genau ein
Vielfaches (#) der Wellenlinge (1) ist (Abbildung 11). Dieser Gangunterschied (rot
in Abbildung 11) hidngt auch vom Beugungswinkel (¢ ) und dem Gitterebenen-
abstand (#) ab, sodass sich die BRAGG-Gleichung ergibt:

nk=2dsin(0) 2)

Alternativ lasst sich die Interferenz auch uber den ein- und ausfallenden Streuvektor

(Sein b2W. 5,55 ) bzw. deren Linge beschreiben:

5iall = llssll = 1/4 5
5l = e — 5l = s = 2sin(6) @

A

Wihrend 1924 die Struktur von Graphit mittels Rontgen-Weitwinkelstreuung

8 und es auch in den 1930ern und 1940ern von WARREN,

aufgeklirt wurde
BiscOE, HOUSKA et al. weitere Studien zur Strukturaufklirung von Kohlenstoffen
gab, "% hat besonders ROSALIND ELSIE FRANKLIN zur Strukturaufklirung
nicht-graphitischer ~Kohlenstoffe beigetragen. ""***%**23  Nach dieser
Pionieratbeit von WARREN, BISCOE, HOUSKA und FRANKLIN hat sich besonders
WILHELM RULAND mit der Strukturaufklirung von (nicht-)graphitischen
Kohlenstoffen mittels Rontgenstreuung beschiftigt. >’*'%*'%1%>" Grund hierfiir
war unter anderem, dass WAXS grundlegende Vorteile, insbesondere die
unkomplizierte experimentelle Analyse mit Standard-Laborgeriten sowie die

Analyse eines Durchschnitts der gesamten Probenmenge im Gegensatz zu

punktuellen Ausschnitten, bietet.

Anstelle der Analyse einzelner Reflexe ist es aufgrund der Asymmetrie der (h£)-
Interferenzen und Uberlappung sinnvoller, die gesamte WAXS/WANS-Kurve mit
einer geeigneten Modellfunktion anzupassen. 2002 verbffentlichten RULAND &
SMARSLY ein Modell fir die Analyse von WAXS- und WANS-Daten, was sich
besonders durch die Beriicksichtigung der turbostratischen Struktur sowie der

Vielfalt der verwendeten Struktur- und Unordnungsparameter auszeichnet. °
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Im Laufe der Promotion wurde das Modell von RULAND & SMARSLY ° verwendet
und auf WANS-Daten tibertragen, um ein neues Softwaretool zur automatischen
Analyse von WAXS/WANS-Daten von NGCs zu entwickeln. Dies beinhaltet auch
die qualitative Behandlung des inkohirenten Untergrunds bei WANS-Daten. Die
theoretische Ausfithrung dazu erfolgt im niachsten Abschnitt. Dieses Modell wurde
bereits 2018 in CARBX von PFAFF et al. verwendet, um Streudaten mdglichst
automatisiert mittels einer graphischen Oberfliche anpassen zu konnen. ' Dieser
theoretische Ansatz ist zwar vielversprechend und auch in der Praxis mehrfach

erfolgreich erprobt, 2,61,62,100,145,150,204

muss aber weiter ausgebaut werden, um den
gewiinschten Anforderungen gerecht zu werden: Aktuell ist die Software nur fiir
Microsoft Windows, nicht aber fiir andere Betriebssysteme verfiigbar und benotigt

B4 als kommerzielle Software fiir die automatische

Wolfram Mathematica
Anpassung. Weitere Einzelheiten zu diesem neuen Tool sind in Kapitel 3.1 zu

finden.

2.3.2. Modell von RULAND & SMARSLY

In diesem Abschnitt wird das theoretische Modell von RULAND & SMARSLY °
erliutert, welches die Weitwinkelstreuung von nicht-graphitischem Kohlenstoff
beschreibt. Das Modell basiert auf der von WARREN beschriebenen

turbostratischen Struktur, '’

bei der Graphenschichten parallel zueinander
gestapelt sind, sonst aber keine dreidimensionale Fernordnung besitzen. Es werden
tberlappende (h4)- und (00/ )-Interferenzen gemessen, welche mit geeigneten

Funktionen modelliert werden konnen. *

Die Streuintensitit (normalisiert auf Elektroneneinheiten pro Kohlenstoffatom) I..
ist gegeben als eine Superposition der kohdrenten Streuung der Struktur (I..n von

engl. coherent) und inkohirenter Streuung (Iincon Vo engl. zncoberent ) (Abbildung 12):

IeAu. = Icoh + Iincoh (5)

*Die Indizierung in Klammern bezeichnet zwar streng genommen Netzebenen und einzelne Reflexe
miissten ohne Klammern indiziert werden, jedoch werden zur besseren Lesbarkeit in dieser Arbeit

Klammern fiir beide Bedeutungen synonym verwendet.

28
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Die inkohirente Streuung besteht aus der COMPTON- Streuung (leom), korrigiert um
den Breit-Dirac Ricksto3-Faktor (recoil ), den spezifischen Absorptionsfaktor (Quns)

sowie einem optionalen Faktor fiir einen Sekundidrmonochromator (Q):

]incoh = Icom : 7‘66‘02./ : Qabs : Q (6)

Die genauen Formeln fiir die einzelnen Faktoren bzw. der Berechnung der
Compton- Streuung anzugeben, wiirde an dieser Stelle zu weit fihren, stattdessen
wird auf die entsprechenden Einzelpublikationen von RULAND et al. '¢%!04%>27

bzw. der Arbeit von PFAFF et al. ' und Kapitel 6.4.2 dieser Arbeit verwiesen.

Die kohirente Streuung setzt sich aus der Interferenz(-intensitit) innerhalb der
einzelnen Schichten (fin von engl. intralayer ) sowie der Interferenz(-intensitit)
durch die Stapelbindung zwischen den Schichten (finer von engl. interlayer ) sowie

dem Atomformfaktor von Kohlenstoff (/) zusammen (Abbildung 12 A/C):

Icoh :ﬁz * (Iinter + ]intra) (7)

Im Falle von Rontgenstreuung ist fc eine Funktion abhangig vom Messwinkel bzw.
der Streuvektorlinge (Abbildung 12B). Die Niherungen fiir die Berechnung **>®
sind ebenfalls im Anhang in Kapitel 6.4.2 gezeigt. Bei Neutronenstreuung wird fiir
fc die konstante Streulingendichte von Kohlenstoff verwendet, welche allerdings
nicht extra berechnet werden muss, da diese GtroBle indirekt Uber die
Normalisierungskonstante £ erfasst wird (siche Seite 32). *'** Fiir die Berechnung

vonl finer + Jinwa wird an dieser Stelle auf die Originalpublikation von RULAND &

SMARSLY verwiesen. °
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Abbildung 12. A) Reprisentatives Beispiel fir experimentelle WAXS-Daten eines
NGC, die durch eine Uberlagerung von symmetrischen Stapel-
Reflexen (00/), asymmetrischen Schicht-Reflexen (44) und der
inkohdrenten Streuung (Iincon) gegeben sind. B) Wihrend WAXS-
Daten unter der durch den atomaren Formfaktor induzierten
Dimpfung leiden, kénnen durch die Verwendung von WANS-
Daten besser unterscheidbare Reflexe erhalten und sinnvoll
analysiert werden. C) Simulation von WAXS/WANS-Daten eines
NGC (ohne Untergrundstreuung): Mit Neutronenstrahlung anstelle
von Rontgenstrahlen kénnen mehr (b&)-Reflexe gemessen und
damit insbesondere die Schicht-/Graphenstruktur —genauer
bestimmt werden. Reproduziert mit Genehmigung von Oliver

Osswald; veroffentlicht bei MDPI, C, 2023.
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Wenn nicht alle Kohlenstoffatome im hexagonalen Gitter angeordnet sind, sondern
zum Beispiel sp’-hybridisiert als Verunreinigung an den Rindern oder als Defekte
innerhalb des Gitters vorliegen, kann nach den Arbeiten von FRANKLIN """
angenommen werden, dass diese Atome eine Untergrundstreuung ohne weitere
Interferenz verursachen. Mit der Konzentration an nicht-organisiertem

Kohlenstoff (Cu,) ergibt sich fur die Gesamtintensitit von Kohlenstoff folgender

Zusammenhang:

Lo, e, waxs = (Leon + Tincon) =
®)
(1 = ) * 7+ (Diter  Tinees) F+ Gan * f&& F Loom * recoil » Quvs * O
Wihrend Gleichung (8) so nur fiir Rontgenstreuung gilt, wird die inkoharente
Streuung fiir Neutronenstreuung nicht analytisch berechnet, sondern als eine von
der Streuvektorlinge s abhingige Funktion angegeben angepasst. Da fur
Neutronenstreuung fc konstant ist, wird dies in Gleichung (9) durch den Faktor
und in Gleichung (12) auch durch den allgemeinen Normalisierungsfaktor £
berticksichtigt. Die inkoharente Streuung wird bei Neutronenstreuung durch den
Ausdruck 4(s) beschrieben und in der praktischen Anwendung nicht analytisch
berechnet, sondern vor der eigentlichen Verfeinerung numerisch angepasst. Das
genaue Vorgehen fiir die Untergrundbetrachtung fiir WANS ist sowohl in den

264,265

Originalpublikationen als auch im Anhang in Kapitel 6.4.2 beschrieben.

Insgesamt ergibt sich fiir WANS folgender Zusammenhang:

Ie.u.C\Xr'z\NS = (Icoh + Iincoh) = (l - fun) 'ﬁ:z : (Iinter + Iintra) + Cun '_ﬁ:z + Iincoh
©)
= a ° (]inter + ]intra) + b(-f)
Auch bei WANS lisst sich die Gesamtintensitit weiterhin nach Stapel- und
Schichtstruktur aufteilen (Abbildung 12 C). Die Intensitit ist aber nicht durch den
Atomformfaktor gedimpft, wodurch deutlich mehr (h£&)-Reflexe sichtbar werden,
was eine genauere Bestimmung der Schichtstruktur erlaubt. Die Stapelunordnung
fihrt hingegen generell zu einer groflen Dimpfung der (00/ )-Reflexe, sodass

WANS fir die Bestimmung der Stapelstruktur nur geringe Vorteile bringt.

Wihrend die vorherigen Gleichungen die Streuung an Kohlenstoff beschreiben,
mtussen auch die in den Proben vorliegenden Verunreinigungen durch Fremdatome

(in der Regel Wasserstoff, Stickstoff, Sauerstoff und Schwefel) beriicksichtigt
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werden. Fir diese Atome wird angenommen, dass diese vollstindig unorganisiert
vorliegen und nicht zur kohdrenten Streuung beitragen. Deren Streuintensitat wird
bei Neutronenstreuung ebenfalls durch den Term 4(s) berticksichtigt, fir

Rontgenstreuung allerdings analytisch berechnet:

IeAu.,X = Icoh,X + Iincoh,X :sz + Icom,X ° 7‘66‘02./ ° Qabs (1 0)

Dabei wird die Intensitdt L., « fur jedes Element (x = H, N, O, S) mit seiner
Konzentration gewichtet (¢u, co, o, s und ¢ = 1 — 5 — o — v — &) und die insgesamt

resultierende Streuung aller Atome L., wie folgt berechnet:
Lo =cc IeAuA,c + oo Ie.uA,H +once Ie.uA,N + o ]e.uA, ot Ie.uA,S (1 1)

Um die gemessene Intensitit vollstindig zu erhalten (Io,s von engl. observed ), wird
I... noch um weitere Faktoren korrigiert: Die Polarisation P, die Absorption .4 und
eine Normierungskonstante £. > AuBerdem werden zwei Konstanten fiir die
Berticksichtigung eines unbekannten linearen und nicht-linearen Untergrunds
(consti, consty) genutzt. Daneben kann ein exponentieller Dimpfungsfaktor
verwendet werden, welcher einen moglichen Anteil einer Kleinwinkelstreuung
poroser Kohlenstoffe beschreiben kann (¢Fac/). Auch wird ein Faktor zur
Umrechnung von einer variablen zu einer festen Divergenzblende (AwutoColl)
genutzt. Dazu hat es sich als niitzlich erwiesen, eine logarithmische Darstellung zu
verwenden, da diese Anpassungsfunktion zuverlissigere Ergebnisparameter liefert
als ohne Logarithmierung. Die anschlieBende Potenzierung dient dazu, die
korrekten (gemessenen) Intensititen zu erhalten. Insgesamt ergibt sich fir die

gemessene Streuintensitit dann folgender Zusammenhang:
Lovs = 10™log((1/ AutoColl) - gFact - k- A+ P+ (Iv)) + const) + const (12)

Diese theoretischen Uberlegungen wurden genutzt, um das bereits angesprochenen
Tool zur automatischen Analyse von WAXS- und WANS-Daten zu erstellen und
die Daten aus Berlin und Grenoble damit auszuwerten. In Kapitel 3 werden die

Ergebnisse aus diesen Publikationen kurz vorgestellt.

(O]
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3. Ergebnisse

In diesem Abschnitt werden die Ergebnisse der zwei dieser Arbeit
zugrundeliegenden Publikationen vorgestellt. "*” Die Ergebnisse werden getrennt
nach Publikation vorgestellt, wobei sich auf eine kurze Motivation und die
wichtigsten Erkenntnisse beschrinkt wird. Genauere Ausfihrungen kénnen direkt

den Publikationen entnommen werden.

3.1. Ergebnisse der ersten Publikation

Wihrend bereits ausfihrlich gezeigt wurde, dass sich die Mikrostruktur von nicht-
graphitischen Kohlenstoffen mittels WAXS/WANS-Messungen bestimmen ldsst
und durch die Arbeit von RULAND & SMARSLY ° bereits ein Modell zur Auswertung
solcher Daten vorliegt, gab es noch keine Software, welche die gewtinschten
Anforderungen (kostenlos, open-source, schnell, leicht anpassbar, Verfiigbarkeit
fir verschiedene Betriebssysteme, Analyse von WANS-Daten) vollstindig erfullt.

Daher wurde in dieser Publikation !

eine erste Version eines Skripts zur
Verfeinerung von WAXS- und WANS-Daten vorgestellt, das den von RULAND &
SMARSLY vorgestellten Ansatz > in Kombination mit GNU OCTAVE *” sowie des
dazugehorigen OPTIM-Pakets ** als freie Open-Source-Software verwendet, die
unter der GNU General Public License steht. *” Durch die Verwendung dieses
Scripts (,,OCTCARB®) ergeben sich wichtige Vorteile: OCTAVE und damit auch
OCTCARB ist komplett kostenlos und quelloffen, fiir verschiedene Betriebssysteme

verfiigbar und benotigt keine weitere Software.

Eine Hauptverbesserung gegeniiber fritherer Software (CARBX) "' ist die
Méglichkeit, Pulver-Weitwinkelneutronenstreudaten (WANS) zu verfeinern.
Zusatzlich ist es auch moglich, OCTAVE fir fast alle Linux-Distributionen zu
kompilieren, sodass OCTCARB mit den meisten High-Performance-Computing-
Clustern verwendet werden kann. Gleichzeit ist OCTCARB aber auch so
ressourcenschonend in Bezug auf die CPU-Auslastung, dass nicht der gesamte
Computer blockiert wird und noch weitere Programme parallel ausgefiihrt werden

konnen, wobei die Analyse einer WAXS/WANS-Kurve dennoch in

zufriedenstellender Zeit, also innerhalb von Minuten, durchgefithrt werden kann.

(O}
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Neben der automatischen und GUI-basierten Verfeinerung kann das
Verfeinerungsskript auch leicht fiir andere Messgeometrien, Blenden-
konfigurationen und andere individuelle Bediirfnisse modifiziert bzw. angepasst
werden. Dies macht den vorgestellten Ansatz nicht nur fiir Anwender nutzbar, die
eine unkomplizierte, automatisierte Verfeinerung von WAXS/WANS-Daten von
NGCs anstreben, sondern auch fiir fortgeschrittene Anwender, die den gesamten

Verfeinerungsprozess fir ihre individuellen Bediirfnisse optimieren méchten.

Als zusitzliche Verbesserung kénnen nun auch die inkohdrenten Streuintensititen
von Wasserstoff und Schwefel als ungeordnete Fremdatome berechnet werden
(zusitzlich zu Stickstoff und Sauerstoff, welche schon vorher implementiert waren),
um einen physikalisch sinnvollen und detaillierten inkohdrenten Untergrund
berticksichtigen zu kénnen. Auch werden die statistischen, experimentellen Fehler
im Sinne der etablierten Theorie der Fehlerfortpflanzung ermittelt und anhand der
Kovarianzmatrix berechnet, d. h. es werden nun die Standardabweichungen der
verfeinerten Parameter ausgegeben. In einigen Fillen sind die Daten am Beginn
und Ende des zuginglichen Datenbereichs nicht nutzbar, z.B. wegen starker
Kleinwinkelstreubeitrige. OCTCARB enthilt eine einfache Méoglichkeit, solche

Daten zu tberspringen und so die Analyse zu verbessern.

Insgesamt wurde ein zuverlissiges, kostenloses, schnelles und quelloffenes
Verfahren zur Auswertung der Weitwinkel-Rontgen-/Neutronenstreuung
(WAXS/WANS) nicht-graphitischer Kohlenstoffe entwickelt, das bekannte
Anpassungsroutinen (LEVENBERG-MARQUARDT-Algorithmus) verwendet. """
Mit OCTCARB konnen WAXS/WANS-Daten unter Verwendung des theoretischen
Modells von RULAND & SMARSLY ° verfeinert und physikalisch aussagekriftige

Parameter erlangt werden, welche die Stapel- und Schichtstruktur inklusive der

intrinsischen Unordnung beschreiben.

(O]
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3.2. Ergebnisse der zweiten Publikation

Die zweite dieser Arbeit zugrundeliegende Publikation **” beschiftigte sich mit der
grundlegenden Frage nach der Unordnung in nicht-graphitischen Kohlenstoffen
(NGCs), besonders innerhalb der einzelnen Graphenschichten. Da neben der
strukturellen Unordnung (gi) selbst auch die endliche Ausdehnung (L) der
Schichten zu einer Reflexverbreiterung fithrt, besteht die Herausforderung in der
Unterscheidung zwischen Unordnung und GroBe anhand von WAXS/WANS-
Daten. Die Idee in dieser Arbeit bestand darin, WANS-Daten von zwei

273

verschiedenen Einrichtungen (Helmholtz-Zentrum in Berlin (HBZ) und

Institute Laue-Langevin in Grenoble (ILL) 7

) von denselben Proben zu erhalten
und im Anschluss zu kombinieren. Die Daten aus Berlin haben zwar nur einen
kleineren Messbereich (~ 0,40 Al < <17 A‘l), daftir aber eine sehr gute
As/s-Auflésung. Die Daten aus Grenoble besitzen einen wesentlich gréBeren
Messbereich (0,052 A™ < 5 < 3,76 A ™), sind allerdings im kleinen s-Bereich
aufgrund der experimentellen Verbreiterung schlechter aufgelést. Durch eine
Kombination beider Daten kann ein groB3er Messbereich der Streuvektorlingen
s (= 2 - sin(6)/ %) ethalten werden, welcher von den unterschiedlichen Auflésungen
der Experimente im kleinen (Berlin) und groBen (Grenoble) s-Bereich profitiert

(Abbildung 13) und so zu eine detaillierten Analyse der Stapel- und der

Schichtstruktur genutzt werden kann.

Dabei wurde auch gezeigt, dass WANS-Daten im Allgemeinen aus mehreren
Grinden WAXS-Daten tberlegen sind: Erstens kommt es zu keiner Dimpfung
durch einen Atomformfaktor im Bereich gro3er Streuvektorlingen. Zweitens kann
der inkohirente Untergrund einfacher berticksichtigt werden. Drittens ist der
verfiigbare Messbereich im Vergleich zu Labor-WAXS-Aufbauten wesentlich
grofler, was den zuginglichen Bereich von Reflexen erhoht. Auch hat sich gezeigt,
dass hochwertige WANS-Daten im grof3en s-Bereich tatsichlich die Mdéglichkeit
bieten, zwischen I, und ¢ zu unterscheiden. Dies fithrte zu einer aussagekriftigen
und detaillierten Uberpriifung des aktuellen Wissens tiber die Mikrostruktur,
insbesondere tUber die Schichtstruktur und deren Entwicklung bei

unterschiedlichen Warmebehandlungstemperaturen.
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Es wurde dabei nachgewiesen, dass lediglich WANS-Daten mit einem hohen
s-Bereich zu einer zuverlissigen und reproduzierbaren Bestimmung der Unordnung
und GroBe der Graphenschichten fihren. WAXS-Daten und WANS-Daten mit
einem kleinen s-Bereich, insbesondere auch typische Laborinstrumente mit Cu-K,
Rontgenquellen, fihren lediglich zu einer unzuverlassigen Bestimmung von I, und
o1 und sind somit fiir die exakte Quantifizierung ungeeignet. Allerdings bleiben die

semiquantitativen Verhiltnisse der Werte fiir verschiedene Proben nahezu gleich.

Grundlegend wurde nachgewiesen, dass das Modell von RULAND & SMARSLY ° eine
hervorragende Anpassung von WANS-Daten bis hin zu groBlen sWerten
ermoglicht, was Uberhaupt die Moglichkeit einer prizisen Bestimmung der

Mikrostrukturparameter beztliglich der Graphenstruktur erméglicht.

Als wichtigstes strukturelles Ergebnis sind scheinbar ,,ungeordnete Kohlenstoffe
(insbesondere Phenol-Formaldehyd-Harze) wesentlich geordneter als bisher
angenommen. Die Graphenschichten fiir solche Kohlenstoffproben sind kleiner
(in der GroBenordnung von héchstens einigen Nanometern), aber intrinsisch
geordneter als in fritheren Studien postuliert (Abbildung 13). >'*** Insgesamt
wurde bei den vorherigen Studien die Schichtausdehnung und Unordnung
systematisch uberschitzt. Diese Erkenntnisse stellen einen grundlegenden
Fortschritt bezlglich der Sicht auf die Struktur dieser Materialien dar. Sie sind
keineswegs ,,amorph®, sondern das Gegenteil ist der Fall: Die Graphene in NGCs
besitzen eine Ordnung, die einem idealen Graphen sehr nahekommt. Dieses
Ergebnis konnte zukinftig zum Verstindnis der Graphitierung, also der

Entstehung von Graphit, beitragen.
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Weniger
geordnet geordnet

Phenol-Form- Mesophasen-
aldehyd-Harz pech

Abbildung 13. Neue FEinblicke in die Mikrostruktur von nicht-graphitischem
Kohlenstoff: Im Vergleich zu fritheren Studien * (A) liefern die
aktuellen Ergebnisse (B) ein verfeinertes Bild von kleineren, aber
hochgeordneten ~ Graphenschichten. Wihrend beim Phenol-
Formaldehyd-Harz die StapelgroBe mit steigender Wirme-
behandlungstemperatur nur unwesentlich zunimmt, werden die
Stapel beim Mesophasenpech signifikant gréfler und geordneter.
Nachdruck (angepasst) mit freundlicher Genehmigung von Ref.
Copyright 2019 American Chemical Society. Nachweis siche Kapitel
0.3.
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4. Fazit und Ausblick
4.1. Fazit

Zusammenfassend wurde im Rahmen der Promotion ein kostenloses Software-
Skript (OCTCARB) entwickelt, das in dem Open-Source Programm OCTAVE
Weitwinkel-Rontgen- und Neutronenstreuungsdaten (WAXS/WANS) von nicht-
graphitischen Kohlenstoffen (INGCs) verfeinert und auf dem Modell von RULAND
& SMARSLY (2002) basiert. > Als Ergebnis werden bis zu 14 strukturell sinnvolle
Parameter wie die Schichtausdehnung, Stapelhdhe und der Grad der Unordnung
der Graphene und ihrer Stapelung erhalten. Zusdtzlich koénnen die
Untergrundstreuung basierend auf bestimmten physikalischen Phinomenen und
verschiedene Korrekturparameter wie Polarisation und Absorption berticksichtigt
werden. Die Software ist so konzipiert, dass sie auch von erstmaligen Benutzern
verwendet, aber auch jederzeit angepasst und optimiert werden kann. Als weiteres
wesentliches Feature liuft OCTAVE und damit OCTCARB auf allen gingigen
Betriebssystemen (Windows, MacOS und Linux). AuBlerdem kann die gesamte

Verfeinerung innerhalb von Minuten durchgefiihrt werden.

Sowohl die einzelnen Graphenschichten als auch die Stapel weisen eine strukturelle
Unordnung auf, welche mittels WAXS- und WANS-Messungen analysiert werden
konnen. Auch wenn WANS-Daten von NGCs bereits bekannt und in
verschiedenen Studien ausgewertet worden sind, gibt es noch offene Fragen in
Bezug auf die Validierung von WAXS-Daten, welche normalerweise fur die
routinemiflige Charakterisierung verwendet werden, allerdings diverse Nachteile
gegeniiber WANS-Messungen besitzen. Die bisherigen WANS-Daten aus einer
fritheren Studie von Pfaff et al. im Jahr 2019 * haben einen kleinen s-Bereich, was
die genaue Bestimmung der Schichtstruktur erschwert. Daher wurden in dieser
Studie Pulver-WANS-Daten derselben Proben bei einer Messzeit am Institut Laue-
Langevin (ILL) in Grenoble aufgenommen. Da diese Daten einen groleren
Messbereich besitzen, im kleinen s-Bereich aber schlechter aufgel6st sind, hat eine
Kombination dieser beiden WANS-Daten die einzigartige Gelegenheit er6ffnet,
sowohl die Schicht- als auch die Stapelstruktur so genau wie méoglich zu bestimmen.
Es wurde dabei festgestellt, dass die Graphenschichten deutlich geordneter als

bisher angenommen sind und der von perfekten Graphenschichten sehr

39



40 | 4.2. FAZIT UND AUSBLICK
AUSBLICK

nahekommen. Diese Studie hat eine fortschrittliche Methodik zur Untersuchung
von Kohlenstoffen auf turbostratischer Graphenbasis erarbeitet und auch den Blick

auf die Struktur wichtiger Klassen von nicht-graphitischem Kohlenstoff erweitert.

4.2. Ausblick

Aus WANS-Daten ldsst sich die sogenannte pair-distribution-function (PDF) mittels
einer Furier-Transformation berechnen (Abbildung 14), aus der sich ebenfalls
Mikrostrukturparameter bestimmen lassen. > Hierfiir kénnen nicht nur
WANS, sondern auch qualitativ hochwertige WAXS-Daten mit einem hohen
Messbereich genutzt werden (z.B. XPDF-Experimente an der Diamond-
Lichtquelle in Oxford). Diese sind generell leichter verfiighar als WANS-Daten, da
hier ein Synchrotron als Strahlenquelle genutzt werden kann. Allerdings wurde
hierfiir in der Literatur noch nicht ausreichend diskutiert, wie genau die PDF von
NGCs sinnvoll interpretiert und ausgewertet werden miissen, um die notwendigen
und wichtigen Mikrostrukturparameter zu erhalten. Genauer gesagt muss ermittelt
werden, wie sich die Schichtgréfle (L.) und deren Unordnung (si) auf die
resultierenden PDF auswirkt, wie beide Werte aus einer PDF ermittelt werden
koénnen und ob sich die Stapelstruktur Giberhaupt quantitativ aus PDFs ermitteln
lisst. Zusatzlich sollte untersucht werden, ob das fur WAXS/WANS-Daten
verwendete Modell von RULAND & SMARSLY * auch zum Anpassen von PDFs
verwendet werden kann. Hierfiir soll sowohl auf bestehende Software ***2*
zurlickgegriffen, aber auch die beschriebene selbst entwickelte Software der ersten

Publikation entsprechend weiterentwickelt werden.
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Abbildung 14. Berechnung der pair-distribution-function (PDF) mittels einer Fourier-
Transformation aus WANS-Daten. Die berechneten Maxima

stimmen mit den theoretischen Abstinden der nichste-Nachbar-

Verteilung in Graphen tberein. Analog zu WAXS/WANS-Daten

kann aus einer Uberlagerung der einzelnen Funktionen fiir

Schichten (intra) und Stapeln (inter) die Gesamt-PDF erhalten

werden. Allerdings ldsst sich aus diesen ,,Gesamtdaten® analytisch

nicht ohne Weiteres auf die einzelnen Anteile der Schicht- und

Stapelbeitrige schlieBen. Die Pfeile im linken Teil beschreiben die

Wege, fiir die eine Umrechnung moglich ist.
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Als weitere Arbeit konnte aullerdem das bisherige Modell von RULAND &
SMARSLY ° weiterentwickelt werden, um nicht nur die Streuintensitit
turbostratischer nicht-graphitischer Kohlenstoffe zu beschreiben, sondern auch
den Ubergangsbereich zu Graphit. Hierbei entspricht die Mikrostruktur noch nicht
vollstindig der von Graphit, jedoch bildet sich langsam eine dreidimensionale
Fernordnung aus, sodass (b&/)-Reflexe sichtbar werden. Dies ist zum Beispiel bei
Pechen bei einer Behandlungstemperatur von tber 2.500 °C der Fall, welche mit
den bisherigen Methoden nur unzureichend charakterisiert werden kénnen. 2+

Ein Modell dazu lieferte WILHELM RULAND bereits 1965, ** allerdings wurde dieses

noch nicht in die bisher verfugbare Computersoftware integriert.

Generell gehéren Harze und (Steinkohleteer-)Peche zu den weitverbreitetsten
Prikursoren, allerdings ist die groBe Mehrheit der Harze nicht-graphitierbar. **’
Dagegen sind besonders Peche graphitierbar und eignen sich sehr gut als
Bindemittel fiir die Darstellung héherstrukturierter Graphitmaterialien. Allerdings
sind diese Peche bzw. die in den Pechen enthaltenen polyaromatischen
Kohlenwasserstoffe oftmals toxisch, weshalb Alternativstoffe fiir diese Peche
wiinschenswert wiren. Hierbei koénnte einerseits die Graphitierung bzw. die
Graphitierbarkeit von herkdmmlichen Harzen verbessert werden bzw. mussten
graphitierbare Harze entwickelt werden. Eine Idee stellt dabei ein neues,
petrolstimmiges Kohlenwasserstoftharz dar. Anders als z.B. Phenol-Formaldehyd-
Harze gilt dieses neue Harz als graphitierbar und soll somit eventuell als Alternativ-
material zu Pechen verwendet werden. Zur Analyse der Produkte aus solchen

1

Prikursoren kann das in ersten Publikation = vorgestellte OCTCARB verwendet

werden.
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Abstract: We present a free software script operating in GNU Octave for the refinement of wide-angle
X-ray and neutron scattering (WAXS/WANS) data of non-graphitic carbons (NGCs). The refinement
script (OctCarb) is based on the evaluation approach of Ruland and Smarsly (2002). As result, up to
14 physically meaningful parameters such as the layer extension L,, the stack height L., as well as the
degree of disorder of the graphenes and their stacking are obtained through a well-established fitting
routine. In addition, background scattering based on specific physical phenomena and different
correction parameters such as polarization and absorption can be considered. Since the complex
mathematical calculations are implemented and performed in the background, with only a few
settings to be made, the software was designed to be usable by inexperienced users. As another
key feature, Octave and thus OctCarb run on all common operating systems (Windows, MacOS and
Linux), and can even be used on high-performance computing clusters (HPCs) to perform multiple
calculations at once. In addition to this, the whole refinement can be performed within minutes, and
it is possible to tweak and optimize it for special purposes and measuring geometries. These features
make OctCarb useful for all scientists dealing with the characterization of NGCs by X-ray or neutron
scattering techniques.

Keywords: non-graphitic carbon; wide-angle scattering; open-source software

1. Introduction

Non-graphitic carbons (NGCs) are an important class of spz-bascd carbon materi-
als, comprising a wide variety of ton-scale natural and synthetic carbons such as char-
coal, activated carbon, glassy carbon, and soot, as well as research-oriented materials
such as carbide-derived carbons (CDC). They also represent a promising and sustainable
class of materials that are studied and applied in current research, industrial develop-
ment, and commercial applications. The bulk material can be used for different electrical
and low-friction applications [1-3], whereas the porous derivates and CDCs are used in
gas storage/separation [4-8], as electrodes in sulfur-lithium-batteries [7,9,10] and super-
capacitors [11-13], and as catalyst support [14,15]. Carbons made of phenol-formaldehyde
resins (PF-R), the so-called glassy carbons, serve as containers in high-temperature applica-
tions [16] as they maintain a pronounced chemical resistance [17].

Per IUPAC definition [18], NGCs “are all varieties of solids consisting mainly of the
element carbon with two-dimensional long-range order of the carbon atoms in planar
hexagonal networks, but without any measurable crystallographic order in the third di-
rection (c-direction) apart from more or less parallel stacking.” Thus, NGCs are defined
by characteristic features in wide-angle X-ray and neutron scattering. The general basic
structure as well as typical wide-angle X-ray scattering (WAXS) data are shown in Figures 1
and 2, respectively.
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Figure 1. Sketch of the structural make-up of non-graphitic carbons (NGCs) containing a turbostratic
stacking of graphenes. Detailed information about all parameters can be found in Section 2.2.
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Figure 2. Representative example for an experimental wide-angle X-ray scattering (WAXS) data set
of a NGC, which is given by a superposition of interlayer reflections (00!), asymmetric intralayer
reflections (/k) and the incoherent scattering (Iincon)- S is the modules of the scattering vector (s = 2/A
- sin(#)). It should be noted that the indexing shown with parentheses, strictly speaking, denotes
lattice planes, and that reflections would have to be indexed without parentheses. However, brackets
are coherently used in this publication for both meanings, for improving readability.

Physical properties such as thermal and chemical resistance and electrical features are
directly related to the microstructure of NGCs [2], the characterization of which is chal-
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lenging. Electron microscopy (TEM, HRTEM) only reveals a small section of the sample.
Hence, Raman spectroscopy and wide-angle X-ray/neutron scattering (WAXS/WANS)
are commonly used to obtain quantitative structural parameters of NGCs. While Raman
spectroscopy is mainly used to determine the average extension L, of the graphene layers,
WAXS/WANS allows for precisely determining a significant number of different struc-
tural parameters describing the NGC microstructure [19-28]. Recently, we discussed and
compared the determination of L, by these two methods, applied on a systematic series of
carbons, and a procedure was presented for thorough characterization of NGCs based on
Raman spectroscopy only [29,30].

However, in spite of the potential of refining WAXS/WANS data to determine the
turbostratic microstructure of different carbon materials, the currently available software for
the analysis of such data suffers from certain limitations. The most common approaches and
their respective features (advantages and disadvantages) are summarized in the following.

CarbonX$ introduced by Shi et al. featuring a corresponding graphical user inter-
face (GUI) [31-33] is one of the most commonly used software tools. To the best of our
knowledge, this program only allows to refine X-ray, but not neutron scattering data.
In addition, CarbonXS uses a straightforward polynomial to account for the incoherent
background, which however has no specific underlying physical model. Nevertheless,
this approach is certainly useful and applicable to many different samples. The work of
Fujimoto et al. [34-36] based on the approach of Warren and Bodenstein [37] is also only
available for WAXS and not for WANS, and the software is currently not available in
English [38]. The method of Saenko [39] uses the crystallite size as the only effect causing
signal broadening, thus supposing that the material does not possess any disorder, which
is not meaningful for NGC samples. The approach developed by Dopita et al. [40,41]
uses MathWorks Matlab [42] as the programming language, which is a commercial soft-
ware tool. In this approach, the graphite crystal structure is used as a model to refine
the WAXS data, which is only meaningful for highly ordered carbon materials, but not
for NGCs, because the turbostratic structure does not exhibit 3D periodicity. Ungar et al.
also assume a 3-dimensional ordered hexagonal structure [43], which is only applicable
to graphite-like materials, i.e., for high temperature-treated pitches but not for carbons
with disorder in the graphene-based stacks. In 2002, Ruland and Smarsly introduced an
evaluation method [44] based on the turbostratic structure of the NGCs and particularly
takes into account the disorder of the layers and stacks to refine the WAXS data [44]. This
model is used in CarbX [25], another software using a GUI, developed by our group, which
currently does not allow for refining neutron scattering data either. Furthermore, it is only
available for Microsoft Windows but not for other operation systems and needs Wolfram
Mathematica [45] as backend for certain advanced mathematical calculations. Hence, by this
option CarbX, it is not free of charge and also not entirely open-source. Furthermore, it so
far suffers from a quite long calculation time up to multiple hours, especially for a larger
number of measurement points. Hence, the approach by Ruland and Smarsly represents on
one hand a reasonable structural make-up of NGCs but is on the other hand handicapped
by the mathematical complexity of the underlying theoretical scattering functions.

Therefore, this study presents a first version of a script (OctCarb) for refining WAXS
and WANS data on the basis of the approach introduced by Ruland and Smarsly [44], using
GNU Octave [46] as free open-source software, which is under the GNU General Public
License [47]. Although Octave does not feature an extended graphical user interface (GUI),
there are important benefits by using Octave: Octave is completely free and open-source and
available for different operating systems and it does not need any further software. It is
also possible to compile Octave for MacOS and nearly all Linux distributions, and therefore
Octave can also be used with most high-performance computing clusters. In addition to
the automatic and GUI-based refinement, OctCarb can be modified and customized easily
for special purposes. This makes the presented approach not only usable for users aiming
at a straightforward refinement of WAXS/WANS data of NGCs in an automated fashion,
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but also for advanced scientists and users, who would like to customize and optimize the
whole refinement process for their individual needs.

In the following sections, the model of Ruland and Smarsly [44] is briefly summarized,
and subsequently the implementation of OctCarb in Octave and its installation and operation
will be explained in detail. The provided refinement method and structural parameters
derived thereof are compared with published evaluations of WAXS/WANS data of previous
studies. Additionally, a detailed description of the options for automatic and manual
refinement and their advantages as well as the possibility to refine WANS data are provided.
In particular, we describe criteria for a satisfactory analysis and provide video tutorials on
how to refine WAXS/WANS data using GNU Octave.

2. Materials and Methods

In this section, first a brief description of the evaluation approach is given (2.1). In the
second part, the microstructure parameters are explained (2.2), and in 2.3, an overview of
the improvements using Octave/OctCarb is provided. In Section 2.4, technical details and
the installation progress are explained.

2.1. WAXS/WANS of Non-Graphitic Carbons (NGCs)

The microstructure, i.e., the basic structure unit, of NGCs generally consists of two-
dimensional sp?-layers, e.g., graphene layers, that are stacked on top of each other (Figure 1).
Since the stacks suffer from transitional and rotational disorder [48], NGCs do not ex-
hibit three-dimensional crystallographic long-range order [44], which is equivalent to
the IUPAC definition of NGCs [18]. In addition, the layer dimension and the C-C bond
length, e.g., the sp-structure itself, exhibit non-uniformity (disorder) to be considered
when analyzing the microstructure of NGCs. The resulting broad asymmetric (/i) re-
flections in the WAXS/WANS powder pattern, which are caused by the turbostratic
structure [48,49], as well as the strong overlap of the signals, make the use of the full-
width-at-half-maximum (FWHM) and in particular a Scherrer-type analysis [50] unsuit-
able to evaluate WAXS/WANS data [51]. Therefore, several approaches for fitting single
(hk) [52-55] and (00!) [56] reflections were already developed more than 50 years ago. Yet,
because of the pronounced overlapping, analyzing single (/ik) or (00!) reflections [48,49]
possesses inherent shortcomings. Shi et al. developed a software tool to refine the mi-
crostructure data of NGCs based on fitting the entire range of a WAXS curve [31]. In
2002, Ruland and Smarsly refined the profile functions for the (00/) and (hk) reflections
and proposed a further developed approach to treat the complete WAXS curve of NGC
powder materials [44]. This theoretical approach represents the basis for the CarbX soft-
ware tool, which can be used to refine experimental WAXS data of powder materials and
derive physically meaningful parameters [25]. It should be noted that the indexing shown
with parentheses strictly denotes lattice planes, and reflections would have to be indexed
without parentheses. However, brackets are used in this publication for both meanings, to
improve readability.

Here, only a short summary of the used WAXS/WANS model [44] is given. A more
detailed description can be found in previous studies [22,25]. In this approach, the normal-
ized WAXS or WANS intensity in electron units per carbon atom (l¢.,.) is modified by a
normalization constant (k), the polarization (P) and an absorption factor (A):

Iops=k-A-P-leu. ¢)

Note that the Lorentz factor is already considered in Ie . [44]. In addition, the reflec-
tions are usually so broad that the influence of device broadening is negligible. A more
detailed description of all these correction parameters is given in the SI File (part B) in S16.
Iobs is the observed (or theoretically calculated) wide-angle scattering, and Ie . contains the
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coherent scattering I, originating from the NGC, and the incoherent scattering (Iincon),
which is assumed as modified Compton scattering of carbon (Icom, ¢):

e = Icoh + Lincon 2)

The incoherent scattering (Iincon) as well as the influence of foreign atoms (H, N, O, S)
will be described in the SI File (part B) in section S14.

Icon is given by the superposition of the scattering of the single graphenes (intralayer
scattering Iinea; (1k) reflections) and the interferences of their stacking (interlayer scattering
Linter; (00]) reflections), modulated by the atomic form factor of carbon (f.):

Ico}\,c :fcz * (Iinter + intra) 3

It should be noted that this equation applies to both X-ray and neutron radiation, with
only one important difference: while f. features a specific course for X-ray radiation and
needs to be suitably interpolated, it is a constant for neutron radiation. Hence, a fixed
value of 1 can be assumed for f in case of WANS, since it is adjusted by the normalization
constant k anyway. I, can also be expanded to include the concentration of foreign atoms
such as hydrogen (cy), nitrogen (cn), oxygen (co), sulfur (cg) and non-organized carbon
(cun), following the works of Franklin [57,58]. In addition, an anisotropy factor (Aan) for the
different atomic form factors parallel (f., perp) and perpendicular (fc, perp) to the layers can
be considered [25,44]. For the proportion of scattering that results from “non-organized”
carbon [44], the following equation applies:

Iew,c (WAXS) = (Icoh,c + Jincoh, o) =(1—cun)- (fzc, perp * Tinter +f2c, para Iintra) + Cun 'fzc, para Icom, ¢ - recoil - Qqps - Q (4)

Ie.u.,c (WANS) = (Icoh,c + Iincoh, c) = (1 - Cun) . (fzc * Linter +f2C : Iintra) + Cun 'fzc + Iincoh,c (5)
=a- (Iinter + Iintra) + b(s)

Note that (4) holds for WAXS, while (5) is valid for WANS. In (4), fc, para is used
because the difference between fc, para and fe, perp is very small, and therefore, it is more
practical to use this atomic form factor instead introducing a third (mixed) atomic form
factor, which would also have no significant effect on the result. 4 in (5) is a normalization
factor constant, which is included in the scaling factor k in equation (6), and b is a non-
constant background. Hence, for WANS equation (5) is applied, separating the coherent
and incoherent background b(s) differently compared with WAXS (see 519 in the SI File
(part B)).

Regarding experimental effects additional multiplicative factors considering a fixed
irradiated length or a fixed divergence slit (AutoColl), an exponential damping factor (gFact)
for taking the possibility of a small-angle scattering contribution at low s values, and two
constants (consty, consty) for considering a non-linear background, can be used to adapt the
calculated WAXS/WANS pattern (I) to a particular instrumental setup:

Iobs = 107[log10((1/ AutoColl) - gFact - k - A - P - (Ie..)) + consty) + const;] (6)

This logarithmic representation was used as we found that the fitting refinement
worked more reliably. The subsequent exponentiation was used to obtain the correct
(measured) intensities. In principle, this equation contains all factors entering the theoretical
WAXS/WANS, especially the impact of the device and background scattering. Further
information about these parameters, their calculation and their background can be found
in the SI File (part B) in 516 and in the SI of previous works [25,44].

2.2. Refined Microstructural Parameters

The physically meaningful microstructure parameters can be distinguished into three
sets: layer structure, stacking structure and impurities. A more detailed overview of all
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parameters including the microstructure parameters as well as the parameters used by
OctCarb is given in the SI File (part A) in S1.

2.2.1. Layer Structure

In our approach, the most important parameters for describing the layer structure, i.e.,
also the intralayer scattering, are the average layer extension (L), its polydispersity (x,),
the average C-C bond length (Ic) and disorder in the layers (i.e., stress and strain) (), see
(Ruland & Smarsly, 2002), Table 1.

Table 1. Microstructure parameters describing the layer structure. Note that L,, I, and «, are
mathematically dependent on each other and calculated from a gamma distribution with the shape

factors v and a.

Parameter Description Explanation

L Average graphene

? layer size

Average chord length
Im of layers
Ka Polydispersity of
layers

I Average C-C bond

« length
71

Intralayer disorder

Adapted from Faber et al. [21].

2.2.2. Interlayer Stacking Structure

Analogous to the intralayer parameters, an average stacking height (L), its polydis-
persity (xc), an average layer distance (a3) and the standard deviation (c3) can be defined
for describing the interlayer stacking. In addition, the minimal layer distance (a3 min = @3 —
dag), the average number of graphene layers per stack (N = L. /a3) and the homogeneity
of the stacks (7) are physically meaningful parameters [44]. Additionally, the thermal
motion (u3), i.e., in principle the Debye-Waller factor, and the anisotropy of the atomic
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form factor of carbon (A,;) can be refined but have in most cases only a small influence on
the analysis. The preferred orientation parameter () might also be refined, it also depends
on the experimental setup, Table 2.

Table 2. Microstructural parameters describing the graphene stacking (interlayer scattering liner). Le, K¢
and N are mathematically dependent on each other and calculated from a gamma distribution n(N). N
being the number of layers per stack, with the parameters y and § [44] and is also dependent on 3.

Parameter Description Explanation
— e e e e
= = ==
L Average stack height =
KC Polydispersity of stack - = .
‘ height =
—a e
G A
T —=— =7 |
2 aa—— —— = '
Average layer distance e — E
a3 Minimal layer distance e —— == \
a3 min Standard deviation of N < — e — aé nin H
o3 layer distances :
N Average number of E
layers per Stack - :
i ;|
Homogeneity of the
U stacks
q Preferred orientation
=
2
Anisotropy for the E ...........
Aan atomic form factor of é ..................
carbon 3
s}

Adapted from Faber et al. [21].
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2.2.3. Impurities

In addition to the microstructural parameters related to .}, the concentration of
disordered sp® carbon (cyn) and the concentration of disordered hydrogen (cy1), nitrogen
(en), oxygen (co) and sulfur (cs) can also be considered, which might be needed to evaluate
WAXS data in terms of the background scattering. However, especially for hydrogen in a
WANS experiment, this approach is insufficient. For cyy > 0.5% a Voigt-function showed
satisfactory results to determine the background of WANS data as shown in the SI File
(part B) in S19, Table 3.

Table 3. NGCs can contain non-organized carbon (sp® hybridized) or foreign atoms (e.g., H, N, O, S).
It must be assumed that these atoms are also non-organized and cause only background scattering.

Parameter Description Explanation
Concentration of
unorganized carbon
o Concgntration of
o unorganized h'ydrogen
on Concc‘ntratlo.n of
o unorganized pltrogcn
o Concentration of

unorganized oxygen
Concentration of
unorganized sulfur

Adapted from Faber et al. [21].

2.3. Improvements and Implementation in OctCarb

The Ruland and Smarsly approach [44] as used by Pfaff et al. [25] can be implemented
in different programming languages. At the current state, it is implemented in the tool
CarbX, based on C++ and Wolfram Mathematica [25]. Here, in OctCarb we modified the
refinement routine used in CarbX for several reasons. First, in CarbX external files were
needed for the computation of the atomic form factors and incoherent scattering. In
detail, published values for the atomic form factors and the incoherent scattering (WAXS)
were tabulated in a text file, which was read during the refinement, and the in-between
values needed to be interpolated. As a shortcoming, the necessary interpolation was
time-inefficient, and the values could not be calculated outside the range of the tabulated
values. For this reason, here the atomic form factors for nitrogen (fn) and oxygen (fo) as
well as the Compton scattering of carbon (I.om, c) were fitted by suitable spline functions
and could then be calculated with an analytical function. Moreover, for carbon (including
the form factor anisotropy Aan (fe, para)), the approximation function for calculating the
atomic form factor (f.) was improved, being closer to the theoretical values given in [59].
A more detailed description of these parameters can be found in the SI File (part B) S14.
Additionally, in CarbX the atomic form factor of carbon is not correct for high s values
(s>3 A’l). For Cu-K radiation, this shortcoming is irrelevant, since the maximum value
is Smax ~ 1.2 A~1. However, for small wavelengths (A < 0.5 A), another interpolation
function has to be used [59] to calculate the correct atomic form factor for higher values of s
to make it suitable also for synchrotron experiments with small wavelengths.

Second, in OctCarb two additional parameters were added for the ability to consider
the concentrations of non-organized hydrogen (cg) and sulfur (cs) atoms, in addition to
nitrogen and oxygen. Similarly, it was assumed that hydrogen and sulfur are spatially sta-
tistically distributed and contribute only by diffuse scattering. Third, separately calculating
the coherent or the incoherent scattering is another improvement, which might be a useful
feature to judge the order of the graphenes themselves and the impact of background.
Another difference in the code used in this study compared with Pfaff et al. [25] is the
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implementation of v, which together with « serves for modeling the intralayer scattering
Lintra- Since this is a very special feature, it is described in the SI File (part B) in S15.
Advancements in computing:

e OctCarb is an entirely free software tool, also with respect to automatic data fitting;

e  The data analysis can be performed on average personal computers, i.e., the analysis
of one WAXS/WANS curve can be performed within a satisfactory time, i.e., within
minutes;

e The tool is resource-efficient in terms of CPU usage, which means that other programs
can be run simultaneously;

e  Octave and therefore OctCarb is available for Windows, MacOS and Linux;

e Octave provides an option for batch compilation (important for parallel data fitting);

e  The program is—in practical details—more convenient than CarbX, e.g., the fitting
results (parameters) are now automatically stored;

e No other third-party software tool is needed.

Advancements in the structural characterization based on WAXS/WANS:

e Wide-angle neutron scattering data can be analyzed;

e Arigorous background treatment (and fitting) for WAXS and WANS, based on the
corresponding theoretical contributions (Compton scattering, non-organized carbon,
etc.), is included;

e The treatment of impurity atoms (sulfur, nitrogen, etc.) in terms of a contribution to
the background scattering was improved;

e The incorporation/treatment of the atomic form factors was optimized;

e  The statistical, experimental errors are treated in terms of the well-established theory
of error propagation, and calculated based on the covariance matrix, i.e., the standard
deviations of the refined parameters are calculated;

e Insome cases, the data at the left and right end of the accessible data range are not
useable, e.g., because of strong small-angle scattering contributions. The tool contains
a comfortable option to skip such data.

2.4. Technical Details and Installation

GNU Octave is a free and open-source software that was “originally intended to
be companion software for an undergraduate-level textbook on chemical reactor design
written by James B. Rawlings of the University of Wisconsin-Madison and John G. Ekerdt
of the University of Texas” [60]. Meanwhile, Octave is a high-end software for solving
mathematical problems in an analytical and/or numerical way. A script language is used
to define and perform the needed calculations. The scripts are comparable and compatible
with the commercial software MatLab from MathWorks [42]. While Octave is pre-compiled
for Microsoft Windows, it can be also installed or compiled for MacOS, nearly all Linux
distributions such as Debian, Ubuntu, or CentOS, and distribution-independent software
such as Docker or Flatpak; in principle, Octave can also be compiled for Android or BSD
systems. Overall, Octave can be used for nearly all operating systems and hardware.
System requirements and links for downloading and instructions for compiling are in the
next sections.

2.4.1. Third-Party Plugins

Even if GNU Octave has already included a lot of mathematical functions and op-
erations, it can be extended by several plugins. For the present purposes of refining a
theoretical function to measured data points, the optim package is needed to perform all
mathematical operations. Generally, if the Octave-GUI is used, all other dependencies,
which in turn are required for the use of optim, are automatically installed. If the Octave-CLI
(command line interface) is used, all other dependencies, which in turn are required for the
use of optim, might be installed manually. Hence, struct and statistics (which need io itself)
must be installed before installing optim.
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2.4.2. Refinement Algorithm

In the optim package, different algorithms for optimization, data fitting and data
refinement are available. However, taking a look at the source code, most of these functions
use the Levenberg-Marquardt algorithm developed for non-linear refinement [61-63]. In
this work, the function nonlin_curvefit is applied for the refinement since it can be used
with additional refinement parameters such as the weighting of the points or minimum
and maximum values of the structure parameters. In addition, the function curvefit_stat is
used to obtain additional statistical information such as the accuracy of the fit and standard
deviations of the refined parameters.

2.4.3. System Requirements and Installation

Overall, there are no special system requirements for installing and using Octave. Since
the calculations can take a long time, especially with large data sets, at least 4 GB RAM
and a fast CPU (speed per core) are recommended, but not essential. The refinement was
also tested with a Raspberry Pi running Linux Raspbian (Based on Debian Bullseye), and
although it takes more time than on a “classic” tower PC, it does work. However, Octave
only uses one CPU core by default, so that the computing speed per core is crucial for the
total computing time. In the end, calculations can also be performed on high-performance
computing clusters under Linux.

To use the iObs algorithm in C++ or to compile an *.oct file by your own, the “numerical
recipes in C” as a third-party library is needed. Since this product is only commercially and
not open-source available, the needed files cannot be shared as SI and must be purchased
instead [64].

An instruction including a video explaining the installations and initial setups is
available in the SI File (part A) in S8, in the GitHub (https://github.com/osswaldo/
NGCs/tree/master/Instruction%20Videos (accessed on 2 November 2022)) and at YouTube
(English: https://www.youtube.com/playlist?list=PLTInYDX5g1FylWfH8cSM_ZQUQpn3
dSp6M (accessed on 2 November 2022)), (German: https://www.youtube.com/playlist?
list=PLTInYDX5g1FwaOQkLXTxrpvHWICRUwBrk (accessed on 2 November 2022)).

3. Results
3.1. Usage of OctCarb

To use OctCarb for the refinement of the WAXS/WANS data of non-graphitic carbons,
first Octave and the optim package must be installed. During the installation of Octave,
the chosen installation path should not contain empty spaces (“ ), otherwise, problems
during the installation of the optim package might occur. For example, a safe path would be
“C:/Octave/Octave-6.3.0”. Next, the iObs.oct file must be downloaded (or self-compiled) as
described in the SI File (part A) in S7 and in the GitHub (https:/ /github.com/osswaldo/
NGCs/tree/master/Octave/oct-files (accessed on 2 November 2022)). Third, the file Fit-
Routine.m must be downloaded and modified for the required purpose, e.g., with respect to
the sample name and measurement data path. An example for starting the algorithm and
the operations can be found in the “Excerpt from GitHub” (SI). After opening Octave, the
example script can be loaded either using File — Open or the shortcut in the upper toolbar.
In Figure 3, the basic graphical user interface (GUI), and in Figure 4, the results of a typical
refinement using OctCarb are shown: In addition to the microstructure parameters in text
form, Octave/OctCarb plots the experimental data, the refined fitting curve as well as their
deviation, and saves all these data in a CSV file.

If you have never worked with Octave so far, it is highly recommended to watch an
instruction video. Due to the high distribution and availability of Octave, there are a lot of
instruction videos available, e.g., under YouTube (https://www.youtube.com/watch?v=
sHGqwE2s-tM (accessed on 2 November 2022)). For this reason, no further basic instruction
into Octave is given here. More details about the installation and setup as well as the typical
refinement steps including an exemplary refinement can be found in the SI File (part A) in
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section 59. Additionally, a detailed tutorial for the fitting of WAXS/WANS data of NGCs
with pictures for every step can be found in the SI File (part A) in S9.

*+

Name [ Omensien Vet e

Zele 1 Spae 1 Koderung: SYSTEM (CP1282)  Zedenende: LF
| veitote e Cohmentaton  Virweradter

Figure 3. Main graphical user interface (GUI) of Octave and the OctCarb refinement script (main
window). On the top bar, the Octave files (*.m) can be opened and saved, and various windows can
be activated and deactivated. On the left side, the current working directory can be changed, and
the currently used variables and executed commands are shown. On the lower side, one can switch
between the Command Window (e.g., the Octave Command User Interface), the Editor (to edit the script
files) and the Variable Editor and Documentation.

3.2. Verification and Application

In general, nonlinear fitting procedures, as used in our Octave-based refinement,
can suffer from various complications, e.g., a reasonable fitting might be achieved by
different sets of the parameter values. Hence, in OctCarb particular emphasis was put on
the validity of the refinement and the structural parameters obtained thereof. First, we
demonstrated the general functionality of OctCarb for refining typical WAXS data (3.2.1).
In 3.2.2, the impact of data noise and the number of data points are discussed. Validation
was performed by applying OctCarb on the same WAXS and WANS data as previously
published, comparing the fits and the parameter values (3.2.3) [19,23,25,26]. Second, in
order to perform a self-consistency test, theoretical WAXS/WANS data were computed
and artificially blurred with different levels of data noise (3.2.4). These “new experimental”
data were then used as input for OctCarb to verify if the fitting algorithm yields the original
parameters. All fit results/microstructure parameters including the standard deviation as
well as exemplary calculation times can be found in Table S2.

Figure 5 shows an exemplary WAXS pattern and a reasonable fitting result, proving the
applicability of OctCarb to typical experimental data. However, in some cases a refinement
might not fit the data over the entire range of WAXS/WANS data, in particular with
respect to two issues, namely, the course of the data curve at small s and the background
scattering. Yet we found that a meaningful and precise determination of the main structural
parameters such as the average stack height (L) or the average layer extension (L,) does
not require a reasonable fitting of the entire data set, i.e., a deviation between the data and
the fitting function in certain parts is tolerable. Figure 5 highlights the importance of the
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various parts along the s-axis in assessing the quality of a fitting, which is valid for most
samples studied. In plain terms: even if the red regions (Figure 5) are not well fitted, still
the structural parameters are reliably determined. On the other side, the green regions
must be well fitted in order to obtain reliable and meaningful parameter values.
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Figure 4. Results of the wide-angle neutron scattering (WANS) refinement using OctCarb (upper left):
In addition to the microstructural parameters in text form categorized by interlayer and intralayer
parameters, Octave plots the measurement data and the fit as well as the deviation, and saves all in a
CSV file.
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Figure 5. Theoretical WAXS data of NGCs and a typical, reasonable fit. Green: Most important
regions for fitting, which are strongly influenced by the NGC microstructural parameters. These parts
must be refined as well as possible. Based on our experience, the yellow regions are significantly
influenced by foreign atoms, the measurement geometry and factors contributing to the incoherent
scattering. Overall, the green regions should have a higher priority in judging the quality of a
fitting result. While micropores influence the lower s-range of the red region, the range around
5=0.7 A1 can be influenced by amorphous carbon with a bond length of around dc.¢ ~ 1.42 Aand
sc.c =1/dec ~0.7 A. As another point, only low amounts (<5-10%) of unorganized carbon or foreign
atoms such as nitrogen or oxygen can be considered well by the present model. Higher amounts
can significantly influence the data at lower values of s, e.g., the red region. Our approach cannot
model such higher concentrations of impurities, as it assumes that these atoms are isolated and show
no mutual correlation in their position. Hence, a reasonable fitting of these specific regions might
be impossible using OctCarb because these additive scattering contributions are not considered by
our approach.

3.2.1. Software Validation on WAXS Data and General Issues

Octave and thus also OctCarb use the Levenberg-Marquardt non-linear fitting algo-
rithm to perform the refinement (“fitting”). In CarbX, in the standard mode, a manual
modeling of the WAXS data is performed, using a qualitative criterion in the form of a
reasonable fit upon parameter variation, as determined by visual perception. In contrast,
as a main advantage, OctCarb provides the values of the structural parameters and the
calculation of their error bars based on a well-defined mathematical procedure, using the
covariance matrix. A more detailed discussion of the refinement procedure, especially the
determination of the error bars, is found in the SI File (part A) in Section S3.
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For the verification of the refinement method using OctCarb, four WAXS data sets
were used, taken from Faber et al. [22], i.e., a coal tar pitch carbonized at 800 °C (CTP-800),
an activated carbon (AC Type H), a carbonized furfuryl alcohol treated at 850 °C (FA-850)
and a poly(ionic liquid)-derived carbon fiber (PIL) from Einert et al. [65]. These samples
were chosen since they were already used in the study of Pfaff et al. [25] for the verification
of CarbX, our previously introduced software tool used for the evaluation of WAXS data
of NGCs (Figures 6 and S1). Indeed, OctCarb is also able to achieve a reasonable fitting,
showing the applicability to typical experimental WAXS data (Figures 6 and S1). The
resulting parameters for the aforementioned samples, in comparison to the modelling by
CarbX, are found in the SI File (part A) in Table S3.
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Figure 6. Validation of OctCarb using WAXS data of FA-850 (furfuryl alcohol-based carbon). Auto-
matic refinements using different starting parameters were performed in order to analyze the impact
of the initial values on the final fitting result during the non-linear fitting procedures. Green: Final
refinement of Pfaff et al. [25]: red: automatic fitting by OctCarb using the refined microstructural
values from Pfaff et al. [25] as initial parameters (Octave data set Pfaff et al. see Figure S1), blue:
automatic fit with our default starting parameters as described in the SI File (part A) in Table S7
(Octave data set default values, see Figure S1). A first analysis using the already refined microstructure
parameters from Pfaff et al. [25] served to validate if the general refinement works in principle and
leads to comparable results. The second analysis using the default starting parameters aimed to
validate if the numerical refinement/minimalization of OctCarb works well and leads to the same
(or similar) results. These default starting values are in principle means of the aforementioned
structural parameters of common NGCs. Additionally, in this study and in the model of Ruland
and Smarsly [44], a3 is defined as the mean value of the layer distances, whereas calculating the
average layer distance by 1/s(yn2) does not provide a mean, but the modal value. Therefore, these
values are different, and in conclusion, an average layer distance @3 (mean) can only be calculated by
a refinement of the whole (002) reflection and not only from the position of the maximum. Note: only
every second measurement point is shown for better visibility. For plots of the other samples, see
Figure S1 in the SI File (part A).

Overall, the automized non-linear fitting algorithm of Octave/OctCarb provides rea-
sonable fitting for all samples over the entire range of the dataset (Figures 6 and S1), which
corresponds to a standard XRD setup with Cu-K, wavelength. We would like to emphasize
that OctCarb performs the fitting in a fully automated fashion, with a significant number
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(typically 12) of structural parameters typically being fitted: the average and minimal
layer distance, its standard deviation and polydispersity (a3, a3 min, 0’3 & k), the average
stack height and the number of layers per stack (L. & N), the homogeneity of the stacks
(), the average C-C bond length (I.c), the average layer extension, and the disorder and
polydispersity of it (La, 01 & k,) and a possible preferred orientation (g) are usually varied
and, hence, obtained in a mathematical refinement algorithm.

The resulting parameters of fitting using OctCarb are in the same range as in the
reference studies [25,26]; thus, both approaches provide reasonable results. However,
for several of the parameters the deviation can be up to 20% (see L, L., for sample FA-
850, Figure 6 and Table S3). Based on the systematic fitting in Octave, we consider the
OctCarb-derived values more reliable.

In detail, we now compare the evaluation of WAXS data by Octave and the study of
Pfaff et al. [25] by the closer inspection of the sample FA-850 as an exemplary case (Figure 6).
As already mentioned, there are significant differences in the resulting parameters (Table
S3), which can be correlated to the quality of the fit in this case. The fitting curve of Pfaff
etal. [25] is shifted slightly, but systematically to higher intensities than the data points in the
region of the (002) reflection, and a little lower in the range of the (10) reflection (Figure 6),
which might explain the significant differences seen in L, and L. By contrast, fitting by
OctCarb provides an almost perfect fit in these regions, demonstrating the superiority of a
rigorous mathematical fitting algorithm.

Here, we would also like to take this example to illustrate that a simple analysis gener-
ates misleading values for structural parameters: calculating the average layer distance (73)
simply by a3 = 1/5(02) yields about 3.9 A. However, this calculation ignores the variation
of a3, which is taken into consideration by Ruland and Smarsly (2002), providing a3 ~
3.6 A (Pfaff et al. [25]) and @3 ~ 3.75 A (OctCarb), which are quite disparate from the simple
calculation “az = 1/s(gy)". Even if the absolute difference in these two values is only 0.15 A
(4%), it must be considered that for structural reasons, a3 lies normally in the range of
3.3 A up to 4.0 A (in some cases also lower or higher), and therefore, 0.15 A is a significant
difference. More precisely, 3.6 A is much closer to the theoretical layer distance of perfect
graphite (3.35 A) [66,67] and could therefore lead to the false assumption that the stacks are
more highly ordered as they actually are.

This example underlines the necessity for using advanced evaluation and software
for WAXS/WANS data of NGCs, especially when physical properties should be related to
the microstructure data (for example Li-intercalation properties/possibility in batteries).
Only systematic refinement can lead to precise microstructural data and thus to meaningful
interpretation in regard to physical properties.

3.2.2. Influence of the Amount/Noise of Data Points and Start Parameters on the
Fitting Routine

Generally, the influence of the number of data points and the noise must be considered
in a differentiated manner. Evidently, data noise should be as low as possible, especially
for the parts of low scattering intensities in a WAXS/WANS curve. Further information
about this feature and the general influence of the amount/noise of data points and start
parameters on the fitting routine can be found in the SI File (part A) in S11.

3.2.3. Software Validation Using WANS Data

For testing the functionality of OctCarb for WANS data, we applied it to the WANS
data published by Pfaff et al. [26]. Two different classes of carbons had been studied, namely
carbon obtained from phenol formaldehyde resorcinol (PF-R) and heat-treated at 2100 °C
and 2800 °C (H-2100/H-2800), and a low-softening point pitch heat-treated at 1200 °C
(LSPP-1200). These samples were chosen to determine whether OctCarb is able to depict
fine differences from high-quality WANS data in the structural parameters upon treating at
temperatures close to graphitization, as well as a function of the precursor. The WANS data
were acquired at the E2 flat-cone diffractometer at the BER II reactor of Helmholtz-Zentrum
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Berlin using a Debye-Scherrer geometry [68]. The refinement by OctCarb uses the default
starting parameters from Table S7 in the SI File (part A) and the normalization based on
absolute WANS intensities.

It is seen (Figure 7) that an excellent refinement is obtained by OctCarb for all of these
chemically quite different samples, also taking into account that the s range is significantly
larger (three times) than the WAXS data obtained with a typical lab setup (Cu-K). Based
on this exceptional functional capability of OctCarb, in the following, we compare the
refinement of these samples with the previous analysis [25] with respect to the reliability
and validity in determining the relevant structural parameters (La, 03, ... ).

In general, the relative error for each parameter is in the range of 10-15% for a manual
refinement [25], while for the automatic refinement (OctCarb), the errors for each parameter
are smaller, on the order of 5% (see Table S5). Overall, all mean parameters refined using
OctCarb fit well to the values already determined by Pfaff et al. [26], except for L, and o3 for
LSPP-1200, which is caused by a poor refinement of the (004)-reflection (Figure 7). Here, a
manual parameter variation allowed for a better data refinement, which will be explained
below. In case of H-2800, the agreement in the values is excellent, showing that the excellent
fitting of WANS data spanning a large range of s yields meaningful structural information.
An interesting feature is seen for sample H-2100: the OctCarb fit yields a lower value for
o1 compared with Pfaff et al. [26], and at the same time, the average layer size (L,) is also
lower. Since a smaller degree of disorder correlates in principle with sharper reflections
and, on the other hand, a smaller layer L, to a broadening of (hk) reflections, the two effects
can possibly cancel out each other in the fitting.

Notably, for both H-2100 and LSPP-1200, the (004) reflection is quite broad and thus
appears only as a “shoulder” of the (10) reflection, which the automatic fitting routine
of OctCarb is not able to handle appropriately. This undesired fitting behavior can be
understood in terms of the underlying fitting algorithm: OctCarb tries to fit the entire scat-
tering curve, containing various single reflections. The region around the (004)-reflection is
comparably small and therefore a relative unimportant part in its relevance for the fitting
process. The feet/valleys right and left in the vicinity of the (10)/(004) reflections are
well fitted by OctCarb using the automatic refinement, since overall, there are a lot more
relevant data points available for this range than for the (004) reflection, so that Octave
(i.e., the Levenberg-Marquardt algorithm) weights these feet/valleys higher than the (004)
reflection itself. On the other hand, these feet/valleys cannot be well fitted by the manual
refinement, if the (004) reflection is well fitted manually. Thus, in such cases, one has
to compromise, which part of the WAXS/WANS curve is considered more relevant for
the analysis. This example illustrates that in the end, it is up to the user to set priorities
with regard to the quality of the fit and how to deal with a potential discrepancy between
automatic (purely mathematical) and manual (experience-based) refinement. More details
about such cases, i.e., fitting the parts of a scattering curve, can be found in the SI File
(part A) in S6.

In order to establish a reasonable fitting for the (004) reflection, the WANS data of
the low-softening-point pitch sample LSPP-1200 were refined manually in OctCarb after
the automatic refinement. Here, “manual refinement” means that after the automatic
refinement, the resulting parameters were variated manually, and the quality of the fit
was judged by the user. Overall, it can be concluded that WANS data can be well refined
and evaluated using Octave in combination with the model of Ruland and Smarsly [44] to
obtain meaningful microstructural parameters of NGC.
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Figure 7. Refinement of previously reported wide-angle neutron scattering (WANS) data by Pfaff
et al. [26]. The measured WANS data (black; every 10th point (except for the last plot)) were fitted
automatically (red) and the result manually refined (blue). For H-2800, no manual refinement was
needed. For LSPP-1200, the interlayer parameters had to be adjusted to fit better the (004) reflection.

3.2.4. Noise Level Test on WAXS and WANS Data

For the noise level test, common average WAXS/WANS patterns were simulated,
and the simulated points were noised by a random Gaussian deviation with a standard
deviation of 0ypise = 0.05. For WAXS, in addition to the coherent scattering (I.p), the
incoherent scattering (Ijncon) was simulated analytically, where for WANS, only I, was
calculated. Both the unperturbed data (absence of noise) and the noised WAXS/WANS
data were refined using OctCarb as an automatic fit. Table 4 summarizes the input values
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for the data simulation and the resulting parameters using the automatic fit function. In
Figure 8, the blurred WAXS and WANS data as well as the refinements for the perfect data
(blue) and the noisy data (red) are shown. Overall, the fitting as well as the individual
parameters are very close to the initial data for both, the unperturbed and the noisy data.
This excellent match means that the refinement leads to reliable fitting parameters also
for noisy data, and thus the structural parameters obtained from the fitting routine can be
considered meaningful.

Table 4. Overview of the refinement of simulated WAXS data, which were blurred by statistical noise
generated by a Gaussian distribution. The results indicate that OctCarb can evaluate reproducibly
microstructural parameters from given WAXS and WANS data. Since the influence of o; on WAXS
(for typical Cu-K lab setups) and the influence of o3 on WANS data is only small, these parameters
cannot always be determined exactly. Therefore, the resulting values for oy (WAXS) and o3 (WANS)
deviate significantly from the input value.

Perf. WAXS Data Noisy WAXS Data Perf. WANS Data Noisy WANS Data

Parameter Input Fit Error Fit Error Fit Error Fit Error
3.70 3.70 0.0% 3.69 —0.3% 3.70 0.0% 3.69 —0.3%
03 0.50 0.50 0.0% 0.49 —2.0% 0.50 0.0% 0.46 —8.0%

N 3.0 3.0 0.0% 3.0 0.0% 3.0 0.0% 3.0 0.0%

L 11.1 11.1 0.0% 11.1 0.0% 11.1 0.0% 11.10 0.0%

Ke 0.50 0.50 0.0% 0.50 0.0% 0.50 0.0% 0.52 4.0%

La 20.0 20.0 0.0% 20.0 0.0% 20.0 0.0% 20.00 0.0%

lec 1.420 1.420 0.0% 1.419 —0.1% 1.420 0.0% 1.420 0.0%

01 0.025 0.030 20.0% 0.016 —36.0% 0.025 0.0% 0.025 0.0%
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Figure 8. Noise level test using simulated WAXS (left) and WANS (right) data, which were blurred
by statistical noise according to a Gaussian distribution (o = 0.05) (black). The range of s values and
the used noise level correspond to that of a typical laboratory instrument using Cu K radiation,
especially for WAXS. The resulting fit of the noised data (red) is close to the fit for the perfect data
(blue). The deviations are only small, implying that such noise level does not exert significant
influence on the resulting structural parameters (Table 4). The data are simulated corresponding to a
resin treated at medium heat-treatment temperatures (1800-2500 °C) or a pitch at lower temperatures
(1200-2000 °C).
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Looking at the disorder parameters for the stacks (interlayer, 03) and the layers (in-
tralayer, 01), the accuracy of 03 is not improved using WANS data. In contrast, the intralayer
disorder parameter oy can be determined with significant higher accuracy if the WANS
data extend until such large s values. This interesting result can be attributed to the degree
of disorder in the intra- and interlayer structure, in combination with different accessible
ranges of s: at higher values of s the interlayer reflections are usually dampened out because
of the significant disorder in the stacking, and thus the (004) or, at best, (006) reflection
appears at least as a shoulder. Hence, using WAXS/WANS data ranging to high s values
does not provide higher accuracy in determining the degree of the disorder in the layer
stacking. By contrast, usually a much larger number of intralayer reflections appears, and
consequently, the evaluation of o benefits from an extended range of s.

4. Discussion

A main improvement compared with our previously introduced package (CarbX) is
the ability to analyze powder wide-angle neutron scattering (WANS) data, and in particular
the integration into the well-established Octave software. Additionally, OctCarb is open-
source and can be modified to adapt it for individual needs. Compared with other software
tools and our predecessor software (CarbX), the new program OctCarb provides an all-in-
one tool for data processing and refinement for different radiation types (WAXS/WANS)
and measurement geometries and without the usage of any external software. The main
progress compared with CarbX is the usage of an open-source tool for a standardized fitting
procedure (Levenberg-Marquardt algorithm), which is included in the Octave package. As
a further improvement, the concentrations of foreign atoms of hydrogen, nitrogen, oxygen,
and sulfur are also considered, and an incoherent background scattering is accurately taken
into account. Another important improvement is the simplified handling of the parameter
for the polydispersity of the graphenes (v), which had originally been introduced by Ruland
and Smarsly [44], and the refinement of which had complicated the procedure. Fixing
this parameter in a well-defined procedure now leads to the possibility of significantly
tweaking the amount of time for a single refinement, which can be reduced now to the order
of some minutes only. Moreover, in our opinion, the possibility of refining WANS data as
well as the possibility to use OctCarb and the whole refinement algorithm on all common
operating systems (Windows, MacOS and Linux) and therefore also on high-performance
computing systems are relevant and useful improvements. While using an HPC is certainly
advantageous for refining several samples simultaneously, we found that for one single
dataset, even standard computers evaluate with similar speed.

In contrast to other provided software for the WAXS analysis of NGCs, the calculation
of (hk)-profiles and thus also L, in the approach of Ruland and Smarsly [44] is based on
the concept of the chord-length distribution (CLD), i.e., single-atom positions are not used
for the graphenes, as is the case in the Debye scattering function. It uses an analytical
expression based on a Gaussian distribution as described in Ruland and Tompa (1967) [69].
As L, is thus calculated from a CLD, the used approach is valid also for small L, values on
the Angstrom scale. Additionally, due to the calculation of the whole profile shape and not
only a simple single-peak or peak-position analysis, the peak-maximum shift mentioned
by Warren and Bodenstein (1966) [70] is intrinsically considered in the approach of Ruland
and Smarsly [44] and thus also in OctCarb.

5. Conclusions

Here we presented a reliable, free, comfortable and fully open-source software tool
(OctCarb) for evaluating the wide-angle X-ray/neutron scattering (WAXS/WANS) of non-
graphitic carbon powder materials. OctCarb enables the refinement of WAXS/WANS
data using the theoretical model of Ruland and Smarsly [44] and provides physically
meaningful parameters describing the stacking and layer structure including intrinsic
structural disorder. While the underlying theoretical scattering model is complex, we
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would like to emphasize that OctCarb is usable also by non-XRD experts for a profound
analysis of experimental WAXS/WANS data.

As an outlook, it is planned to use the algorithm and OctCarb for the refinement of
pair-distribution-function (PDF) data of NGCs, which can be obtained from WANS as well
as from low-wavelength WAXS experiments, e.g., from synchrotron measurements [71,72].
Another option is the distribution of a *.mex file in order to make the calculation in iObs
and OctCarb usable in MathWorks MatLab, another mathematical software tool similar to
Octave. [42] Even if MathWorks MatLab is not free of charge, it might be a good alternative
since it is widely spread and has well-working parallel computing functions implemented.
Even if this part is not provided in this study, it is still possible to create the needed *.mex file
using the C/C++ data from GitHub (https:/ /github.com/osswaldo/NGCs/tree/master/
Octave/oct-files (accessed on 2 November 2022)) and compile the iObs.mex analogous to
iObs.oct.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/c8040078/s1, SI part A—Octave installation and examples, SI part B
—Correction/fine treatment of WAXS/WANS data and mathematical background, Excerpt from
GitHub, OctCarb Test Data [73-89].
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LIRS S

Abstract: Non-graphitic carbons (NGCs), such as glass-like carbons, pitch cokes, and activated
carbon consist of small graphene layer building stacks arranged in a turbostratic order. Both structure
features, including the single graphene sheets as well as the stacks, possess structural disorder, which
can be determined using wide-angle X-ray or neutron scattering (WAXS/WANS). Even if WANS
data of NGCs have already been extensively reported and evaluated in different studies, there are
still open questions with regard to their validation with WAXS, which is usually used for routine
characterization. In particular, using WAXS for the damping of the atomic form factor and the limited
measured range prevent the analysis of higher-ordered reflections, which are crucial for determining
the stack/layer size (La, Lc) and disorder (01, 3) based on the reflection widths. Therefore, in this
study, powder WANS was performed on three types of carbon materials (glass-like carbon made out
of a phenol-formaldehyde resin (PF-R), a mesophase pitch (MP), and a low softening-point pitch
(LSPP)) using a beamline at ILL in Grenoble, providing a small wavelength and thus generating
WANS data covering a large range of scattering vectors (0.052 A l<cs<376 A1) Merging these
WANS data with WANS data from previous studies, possessing high resolution in the small s range,
on the same materials allowed us to determine both the interlayer and the interlayer structure as
accurately as possible. As a main conclusion, we found that the structural disorder of the graphene
layers themselves was significantly smaller than previously assumed.

Keywords: non-graphitic carbon; wide-angle scattering; disorder-determination

1. Introduction

Carbon occurs in many forms, of which diamonds (made up of sp* hybridized carbon)
and graphite (made up of sp>-hybridized carbon) are the most common ones. Among the
sp?-hybridized carbon materials, the so-called “non-graphitic carbons (NGCs)” represent a
million-ton-scale class and are of significant relevance for applications. NGCs comprise
a plurality of carbons, such as activated carbon, glass-like carbon, and bio chars such
as charcoal. As a bulk material, it can be used for different electrical and low friction
applications [1-3], whereas the porous derivates and the carbide derived carbons (CDCs)
are commonly used in gas storage/separation, e.g., in carbon molecular sieves (CMS) [4-8],
as electrodes in sulfur lithium batteries [6,9,10] and super capacitors [11-13], and as catalyst
supports in different syntheses [14,15]. Also the so called “glass-like” carbons, which are

XLV



XLVI| 6.3. ANHANG
PUBLIKATIONEN HAUPTTEXTE

C2023,9,27

2 of 30

available from phenol formaldehyde (PF) precursors, are part of the NGC family and
are commercially used due to their excellent thermal and chemical stability [16], e.g., to
produce carbon fiber reenforced carbons for high-temperature applications [17].

In general, NGCs consist of sp2-hybridized (graphene) layers (Figure 1), which are
stacked parallel on top of each other, but are randomly arranged by rotation perpendicularly
to the layer (“turbostratic” structure), as already proposed by Warren [18]. The graphenes
and the stacks have nanometer dimensions and possess substantial structural disorder, both
in the graphenes themselves as well as in the stacking, i.e., the stacking distance between
adjacent graphenes exhibits a broad distribution (Figure 1). This absence of long-range
crystallographic order causes broad and overlapping scattering maxima in WAXS and
WANS. It is important to note that this feature constitutes the definition of NGCs by the
IUPAC [19]. The main structural dimensions of these stacks are described by the parameters
L, and L., which are the average lateral extension and the stack height, respectively. Further
important and relevant parameters are the C-C bond length (I.c), the average distance a3
between the layers, and parameters quantifying the substantial degree of disorder (strain)
within the layers themselves and their stacking (¢ and o3).

Layer extension L,

Stack height L,
Layers per stack N

Average layer distance @
Standard deviation o

Layer dis-  C-C bond
order o, length /.

Figure 1. Principle structure of non-graphitic carbons (NGCs) containing a turbostratic stacking
arrangement of single (disordered) graphene layers. Also, NGCs can contain unorganized carbon
(sp3—hybridized) or foreign atoms (e.g., H, N, O, S). Adapted from [20,21].

Given the broad industrial application of NGCs, a quantitative determination of the
aforementioned microstructure based on experimentally accessible structural parameters is
crucial for the tuning of production processes and fundamental understanding of the link-
age between the microstructure and macroscopic material properties. The latter comprises
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hardness, chemical stability, thermal properties, and electrical conductivity, which hence
defines the final application.

Three main approaches are usually applied for the microstructural characterization of
NGCs, which are transmission electron microscopy (TEM) [22,23], Raman scattering [24-26],
and wide-angle X-ray scattering (WAXS), is the latter being used as one of the first meth-
ods to characterize such carbons [25,27-30]. Among them, WAXS offers fundamental
advantages, particularly in the straightforward experimental analysis using standard X-
ray powder diffraction laboratory setups. Raman scattering is used as a routine method
that provides the lateral extension of the graphene layers and a qualitative overview on
structural order, but is especially useful for small graphene dimensions and disordered
layers, yet the analysis needs further validation with respect to other structural features [25].
Instead, WAXS or wide-angle neutron scattering (WANS) can provide a larger number
of structural parameters, especially regarding structural disorder. The main features of
WAXS/WANS data are the superposition of the scattering from the single graphenes (“in-
tralayer scattering”) and their stacking (“interlayer scattering”), as well as the large width
of the corresponding reflections (see Figure 2). It is important to emphasize that the two
essential structural features of NGCs, the graphenes and the stacks, both possess a small
dimension of a few nm, as well as structural disorder. Understanding the changes in the
graphene dimension and the disorder upon chemical or thermal treatment are, however,
desirable and crucial in unraveling the fundamentals of carbonization and graphitization.
Importantly, the nanometer-sized dimension and the structural disorder both result in a
significant broadening of the interlayer and intralayer reflections. It is thus challenging to
separate these effects from WAXS/WANS data to obtain accurate and reliable values for
the size-related parameters (La, L) and their respective disorders (0 & ¢3). Since finite
crystallite size and disorder result in a different dependence of the width of reflections with
increasing modulus of the scattering vector s (s = 2 sin()/A), the most suitable strategy to
disentangle size and disorder is the acquisition of as many reflections as possible, which is
equivalent to acquiring WAXS/WANS data up to a large s. Unraveling the exact degree of
disorder of the graphenes and their stacking, which are quantified by the parameters o
and 073, constitutes the main motivation of this present study.

However, owing to the broad, overlapping, and asymmetrical reflections, classic
evaluation approaches based on analyzing the width of separated WAXS/WANS maxima
are inappropriate for the microstructural analysis of NGCs based on WAXS/WANS. In
contrast, it is recommended to fit the entire WAXS/WANS curve using a suitable model
function. A widely used approach for WAXS was proposed by Shi et al. in 1993 [31],
followed by other procedures by Azuma in 1998 [32] and Fujimoto and Shiraishi in 2001 [33].
Finally, in 2002, Ruland and Smarsly published an advanced approach for analyzing the
WAXS of NGCs [34] that has already been successfully used in several studies [20,35-42].
Typical WAXS/WANS data and the general idea of the approach of Ruland and Smarsly
are shown in Figure 2.
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Figure 2. (A): Simulation of WAXS/WANS data of a representative NGC (without background
scattering), which is given by a superposition of symmetric interlayer reflections (00/) and asymmetric
intralayer reflections (hik). By using neutron radiation instead of X-rays, much more intralayer
reflections can be measured, and, therefore, the intralayer graphene structure in particular can be
determined more accurately. (B): One particular sample (mesophase pitch; MP @2100 °C, i.e., treated
at 2100 °C) was studied four times, namely using WAXS measurements in the study of Loeh et al.
(2016) [40], WAXS measurements in the work of Badaczewski et al. (2019) [37], WANS analysis
performed by Pfaff et al. (2019) [43], and WANS measurements, the latter of which were performed in
this study. In the present WANS study, a much lower wavelength was used compared to Badaczewski
etal. (2019) [43]. While both WAXS measurements are very similar, there are differences between
the two WANS measurements (performed at the Berlin and Grenoble facilities) due to the different
instrumental resolutions. (C): Overview of the WANS data of samples, which were measured
two times (2019 and in this study) and combined to get one merged WANS curve with high s-space
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resolution, and also an extended s-range. Here, s means the modulus of the scattering vector s (s = 2
sin(f)/A). It should be noted that the indexing shown with parentheses strictly denotes lattice planes,
and reflections would have to be indexed without parentheses. However, brackets are used in this

publication for both meanings to improve readability.

While evaluation approaches such as the one of Ruland and Smarsly provide mean-
ingful structural characterization, the analysis of NGCs by WAXS and thus their validity
generally suffers from the following features (Figure 3):

1. Atomic form factors result in the damping of WAXS data at larger s values. This effect
is significant for typical XRD setups using a CuK, wavelength.

2. The Compton scattering has to be exactly taken into account, but has a complex
dependence on s.

3. Thelimited range of s (s = 2/A sin (§)) commonly available in standard lab XRD setups
reduces the number of accessible WAXS reflections. A large number of reflections is,
however, crucial to quantitatively disentangle size (L, and L.) and disorder effects
(01 and o3 in our approach), which both influence the significant width of the NGC

reflections.
I WANS range this study )
et
WAXS range
u Ko
20Cu-Ka /°©
0 60 120 180 20Mo-Ka /°®

0 20 40 60 80 100 120 140 160 180
13 s " . s L . " . .

104 71 Combined WANS data
~ from Grenoble (this study) and Berlin
94 (Pfaff, Badaczewski et al. 2019)

g | Atomic form

Intensity / / arb. u.

sackground

0.0 05 110 115 210 25 30 35
s/A”

Figure 3. Illustration of the shortcomings of X-rays in the analysis of NGCs and the advantage of
WANS. The merged WANS data shown (sample PF-R 2800, a phenol-formaldehyde resin) were
obtained from a beamtime at Grenoble (this study) and from an HZB (Berlin) beamtime, see Pfaff
et al. [43]. While WAXS data suffer from the damping induced by the atomic form factor, by
using WANS data more distinguishable reflections can be obtained and analyzed. Also, WAXS
measurements with, e.g., Mo-Ka radiation, which makes high values of the s accessible too, may not
significantly improve the evaluation, since the atomic form factor leads to a substantial damping in
this case. Additionally, when using X-ray radiation, the incoherent background must be taken into
account and calculated exactly for a quantitative analysis.
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Thus, WANS performed up to large s values provides fundamental advantages in
the study of NGCs when compared to WAXS. Recently, our experiments performed at the
Flat-Cone Diffractometer (E2 at BER II, HZB, Berlin) [44] revealed that, with a few specific
modifications, the approach by Ruland and Smarsly can indeed be applied to the WANS
data of NGCs. However, due to wavelength restrictions, the observable range of s was not
significantly larger compared to typical lab WAXS experiments. Hence, the full potential of
WANS (see points 1-3 above) was not accessible. In particular, the accurate determination
of the disorder parameter remained unsatisfactory.

Thus, in the present study WANS data were collected at the D4 wide-angle neu-
tron diffractometer at the Institute Laue-Langevin (ILL) in Grenoble on the very same
samples [45,46], complementing the HZB data, based on these considerations:

1.  While the WANS data acquired in our previous study featured high precision par-
ticularly at low s (Berlin; Pfaff et al., 2019 [43]), the facility at Grenoble featured
advantageous resolution at high s (0.052 A~! <'s < 3.76 A~1). However, the Berlin
HZB WANS data (0.400 A~! <5 < 1.44 A1) possessed better resolution in the re-
gion of the (002) reflection compared to the WANS data acquired in Grenoble. Thus,
combining both data sets for the very same sample was intended to test if a valid
deconvolution of the effects of finite size and disorder in both the interlayer and
intralayer structure was possible.

2. The noise of the Grenoble WANS beam line was very low; therefore, the refinement
quality and the resulting microstructure parameters were superior. In particular, the
analysis of the higher-order reflections, possessing decreasing intensity, benefited
from a low background and noise.

3. The high neutron flux available at the D4 in Grenoble allowed for the acquisition
of high-quality data for a substantial number of materials. In particular, in this
study, extensive temperature series were possible for materials exposed to a lot of
temperature steps. Together with the high data quality, fine changes in the evolution
of the microstructure upon temperature treatment were thus accessible.

Based on performing WANS experiments at the Grenoble facility and merging them
with the HZB WANS data, which were performed on the very same NGC materials, we
therefore aimed at a precise quantification and, thus, interpretation of the disorder of the
graphenes and their stacking. Moreover, by applying the quite basic structural model
underlying the approach of Ruland and Smarsly, we addressed the question as to whether
the concomitant refinement approach is indeed able to fit WANS data up to quite large
s values, in the light of the relatively small number of relevant structural parameters (L,
L¢, 01, 03) which also act as refinement parameters in this fitting approach. Moreover,
the structural analysis was compared with Raman scattering analysis, especially using a
novel approach by Schiipfer et al. [25], which could thus result in the verification of the
state-of-the-art analysis in this field as well, as identical samples were compared [24-26].
Further, the results were compared to elemental analysis. Based on this method validation,
our study is intended to gain further insights into the evaluation of the NGC graphene
structure upon temperature treatment up to temperatures that are close to the onset of
graphitization.

2. Materials and Methods
2.1. Sample Preparation

For our studies, we used different NGCs made from different precursors and that
were heat treated at different temperatures from 1000 °C to 3000 °C. The precursors were
mesophase pitches (MP), low softening point pitches (LSPP/WP) and phenol-formaldehyde
resole resins (PF-R). The different precursors were heat-treated to different temperatures
between 1000 °C and 3000 °C in an inert gas atmosphere. Each sample was kept for 2 h at the
given temperature. The resin was cured in ambient atmosphere at different temperatures
(70 °C, 140 °C, 220 °C) for 12 h. After ball milling and washing with deionized water (for
resin), all samples (including the pitches) were carbonized in nitrogen atmosphere at 800 °C
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for 2 h using a heating rate of 240 °C/h. Additionally, further graphitization (1000 °C up
to 3000 °C) was done using a heating rate of 300 °C/h and a residence time of 2 h. The
heat treatment at 3000 °C was carried out using an Acheson furnace. Note that the WANS
experiments were performed at room temperature.

The samples in Table 1 were measured and evaluated:

Table 1. Overview of the refinement of simulated WAXS data, which were blurred by statistical noise
generated by a Gaussian distribution. The results indicate that OctCarb can evaluate reproducibly
microstructural parameters from given WAXS and WANS data. Since the influence of ; on WAXS
(for typical Cu-K lab setups) and the influence of 03 on WANS data is small, these parameters
cannot always be determined exactly. Therefore, the resulting values for oy (WAXS) and 3 (WANS)
deviated significantly from the input value.

Heat Treatment Long Name Short Name WANS WAXS Ref. WAXS Ref. WANS Ref.
Temperature & This Study [401 [371 [43]
Phenol-formaldehyde resin (PF-R)
1000 °C PF-R 1000 H 1000 X - X -
1200 °C PF-R 1200 H 1200 X - X -
1500 °C PF-R 1500 H 1500 X - X -
1800 °C PF-R 1800 H 1800 X - X -
2100 °C PF-R 2100 H 2100 X - X X
2300 °C PF-R 2300 H 1300 X - X -
2800 °C PF-R 2800 H 2800 X - X X
3000 °C PF-R 3000 H 3000 X - X -
Mesophase pitch (MP)
1200 °C MP 1200 MP 1200 X X X X
1500 °C MP 1500 MP 1500 X X X -
1800 °C MP 1800 MP 1800 X X X X
2100 °C MP 2100 MP 2100 X X X X
Low softening-point pitch (LSPP)
1200 °C LSPP 1200 WP 1200 X X - X
1800 °C LSPP 1800 WP 1800 X - - X
2500 °C LSPP 2500 WP 2500 X - - X
2800 °C LSPP 2800 WP 2800 X - - X
3000 °C LSPP 3000 WP 3000 X - X X

2.2. Wide-Angle Scattering

Wide-angle X-ray scattering was measured using a PANalytical X'Pert Pro powder
diffractometer at a wavelength of 1.5418 A (Cu-Ka radiation). As sample holder, a no-
background silicon crystal was used. Wide-angle neutron scattering was carried out at the
D4 disordered materials diffractometer at the Institut Laue-Langevin (ILL) in Grenoble [46].
The samples were loaded in an approx. 6mm diameter cylindrical vanadium cell at ambient
conditions. Three identical cells were used to collect the data as efficiently as possible.
The monochromator generated wavelength was about 0.5 A (refined A = 0.4975 A), which
generated a neutron flux about 5.0 x 107 cm~2 s~ and a quite high smax = 3.76 A~
(Smin = 0.05 A=) with a resolution of about Aspin = 0.005 A=, The data collecting time
for all samples was approx. 100 min. The measurements [45,46] were performed at room
temperature and in vacuum with p < 1073 mbar. Measurements were performed on the
empty cells, the instrument background, a standard vanadium sample for intensity normal-
ization, and a nickel powder sample for wavelength calibration. The CORRECT program
was then used to normalize the data to arns/str/atom, as well as to make attenuation (i.e.,
absorption) and multiple-scattering corrections.

Background correction was done in a similar way to the method of Osswald and
Smarsly [21]. For five samples containing a significant amount of hydrogen (c(H) > 0.2%), a

LI
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pseudo-Voigt correction was used as described by Fischer et al. [47] and in 2.2 (PF-R 1000,
1200, 1500 and MP 1200, 1500). For all other samples, a Placzek correction [48] was used to
determine the background scattering in a meaningful way. Since the measured s-range is
quite high, it can be assumed that the scattering curve oscillates around a constant value
and, to be more precise, the intensity must oscillate around I = 1 in order to calculate
the scattering intensity S of the q (5(7)) curve (g = 27s), from which the pair distribution
function (PDF(r)) can be calculated by a Fourier transform (Equation (1)) [49-53]. This pair
distribution function was calculated but will be presented in detail in a following work.

max

PDF(r)=2/m / q (S(g) -1)sin(q r)dg (1)

2.3. Elemental Analysis

A Vario EL from Elementar was used to determine the carbon and hydrogen contents,
whereas for oxygen and nitrogen, an Eltra OHN2000 was used. The results are shown in
Section 3.5).

2.4. Raman Spectroscopy

For the PF-R and LSPP series, the data from Schiipfer et al. in 2020/2021 [24,25] were
used. These data were measured with a Renishaw inVia Raman microscope system using
backscattering geometry at ambient conditions with a 532 nm laser and a 50x objective.
For the PF-R, the integral exposure time was 3 accumulations of 30 s with a laser power
of 0.6 mW, using a resolution of ~1.5 cm~land a range of 1000-3200 cm™. For the LSPP,
a 1.5 mW laser was used with an exposure time of 30 s (20 s for LSPP 2500). A total of
10 accumulations were performed for the LSPP 1200 and 3000, 7 accumulations for the
LSPP 1800 and 2800, and 15 accumulations for the LSPP 2500. The MP series was measured
by a Senterra Raman microscope system from Bruker with 200 accumulations of 5 s in a
range of 1000-3200 cm ! using a 50x objective and a wavelength of 532 nm with a 2 mW
laser under ambient conditions.

2.5. Data Treatment
2.5.1. Background Correction

For the background correction of the WANS data, the models of Placzek [48] or
Fischer et al. [47] should be used, where the background scattering can be calculated by
fitting by a cubic polynomial or a pseudo-Voigt function. The samples treated at moderate
temperatures, i.e., PF-R 1000 and PF-R 1200, contain a significant concentration of hydrogen,
which leads to a non-constant background scattering in the WANS data, especially due to
hydrogen (see Section 3.5), which possesses a high incoherent scattering cross section. This
pronounced non-constant background scattering can dominate the WANS data. Details
about these corrections will also be given in the SI file in S1.

2.5.2. WANS Data Combination

Generally, the interlayer parameters were mainly determined using the (002) and the
(004) reflections. While the (002) reflection was clearly visible, the (004) reflection was
broad and often appeared as only a shoulder of the (10) reflection, and, therefore, it was
difficult to determine L. and o3 values accurately. By using WANS measurements, the
(006) reflection can also be used for the analysis because of the absence of damping by a
non-constant atomic form factor. However, the instrumental resolution in the s-space (As/s)
for the present (Grenoble) WANS data was not as good as in our previous experiments at
HZB (Berlin). Therefore, the WANS data from Pfaff et al. measured at the HZB in Berlin
were combined with the WANS data measured at Grenoble (Figure 4). This led to merged
WANS data with high resolution for small (Berlin) as well as high (Grenoble) s-values and,
therefore, both inter- and intralayer parameters could be determined with high accuracy. A
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more detailed description, regarding how this combination was performed, can be found
in the SI file under S3.
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Figure 4. The WANS data from Pfaff et al. (2019) [43] (blue) were combined with WANS data from
this study (red). In the range of lower s-values, the WANS data from this study (red dotted) were only
slightly different for PF-R 2800 (disordered glass-like carbon). For MP 2100 (graphitizable mesophase
pitch), the differences were more pronounced, since this sample was more ordered and showed
sharper reflections. In addition, the s-space resolution of the WANS data acquired at the Grenoble
facility was lower than that of Pfaff et al. As a result, the reflections in the anterior s-region were
broader and had lower intensity. Overall, by combining the different WANS data, both the interlayer
and intralayer parameters could be accurately determined.

In total, for the 7 samples, WANS data acquired from two different facilities in each
of the cases were measured and combined (PF-R 2100/2800, MP 1200/1800/2100, LSPP
1200/1800). Figure 4 shows the combination of the two different samples, namely, the
non-graphitizable phenol-formaldehyde resin heat-treated at 2800 °C and the graphitizable
mesophase pitch heat-treated at 2100 °C. The significant width of the (002) reflection
indicated a quite disordered stacking for PF-R 2800. For MP 2100, the width of the (002)
reflection was much smaller, and therefore, the experimental resolution (As/s) exhibited a
higher influence on this reflection. The WANS data from Pfaff et al. measured in Berlin [43]
did not suffer from such a broadening, and therefore the two sets of WANS data were
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combined to get as reliable an analysis as possible. In the following, the figures and tables
(as well as the SI file) show both the results obtained from the combined and from the
original WANS data of this present study (Grenoble facility).

2.5.3. WANS Data Refinement

The results of the data refinement using the algorithm of Ruland and Smarsly [34]
and the Octave refinement script (OctCarb) of Osswald and Smarsly [21] are shown in
Section 3.2 (only PF-R), Table S1 (all samples) and Figures 51-54 (comparison to previous
studies). The figures contain the most relevant parameters obtained in this study and our
previous ones [37,40,43]. A detailed comparison for each structural parameter is given in
Tables S3-535.

For LSPPs 2500/2800/3000, i.e., for high treatment temperatures, mixed (/kI) reflec-
tions, e.g., (101) and (102) at s = 0.493 A-1and s = 0.557 A’l, respectively, were visible
(Figure S7 in the SI). Therefore, the approach by Ruland and Smarsly [34] could not be used
for these samples. Instead, the Scherrer analysis [54] was applied based on the full width at
half maximum (FWHM), as described by ref. [24,37,40,41,43] for such materials.

The basic equation used was the following:

Y S
¢~ FWHM cos(Ocenter)

@

It was used for the background-corrected WANS data for (002) reflections for some of
the LSPP samples (2.500 °C and above) using the FWHM of a Gauss-type profile, which
is meaningful for such powder diffraction experiments [43,55]. Here, 0.93 was chosen as
factor, as described to be meaningful for small and disordered stacks [56]. The fcener is
the position of the Bragg signal in units of radians. The parameter L. was calculated using
Equation (2), and a3 and I were calculated directly from the positions of the (002) and
(10) reflections, respectively, in this case. Additionally, it must be assumed that no further
disorder was present in the samples, i.e., o3 =0 A

3. Results
3.1. Qualitative Discussion of the WANS Data

The background-corrected WANS data of the NGCs from the phenol-formaldehyde
resin (PF-R) are shown in Figure 5, and the corresponding data for the low-softening
point pitch (LSPP) and mesophase pitch (MP) samples can be found in Figures S6 and
S8, respectively. The WAXS/WANS of NGCs is the superposition of interlayer scattering
caused by the stacking, and the intralayer scattering caused by the graphene layers them-
selves. Assuming that a higher temperature results in growth and higher order in both,
the graphene layers and in the layer stacking [20,37-43], overall, the reflections of samples
get sharper with higher treatment temperature. For instance, PF-R 1000 showed broad
reflections, while PF-R 3000 exhibits sharper reflections (Figure 5).

Additionally, the influence of the precursor can be studied for these two types of
carbon: the PF-R-based carbon was prepared from phenol and formaldehyde, but the
pitches consisted mainly of different aromatic molecules as building blocks (Figure 6).
Therefore, the amount of foreign atoms, especially of hydrogen and oxygen, which prevents
the formation of highly ordered graphene layers [37], was higher in the PF-R precursor than
in the pitches. Moreover, PF-R polymerized in a first step without building sp>-hybridized
layers. By contrast, in pitch-based carbons, the dimensions and order of the graphene
stacks increase faster with increasing heat treatment temperature, as is qualitatively seen in
Figure 2B,C. In the following chapters, we address the question as to whether structural
parameters and the evolution of the graphene structure can be correlated with differences
in the content of foreign atoms, assuming that a high amount of hydrogen hinders the
formation of well-defined and highly ordered sp? layers. Evidently, the significant width of
the reflections of the PF-R samples at higher s-values speaks to a relationship between the
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Figure 5. (A): The theoretical WANS intensity normalized per carbon (in electron units) le.y. is
given by a superposition of the interlayer (linter) and intralayer (Iin¢ra) scattering. (B): WANS data of
the phenol-formaldehyde resin (PF-R) carbon samples, including the previous WAXS (purple), the
WANS (yellow) data, and the additional WANS range of the present study (blue). The temperature
values represent the respective maximum heat treatment temperature. All these WANS data were
already corrected for incoherent scattering using the procedure shown in Section S1 in the SI. (C,D):
Comparison between the previously published WAXS (blue) and WANS (red) data from Pfaff et al.
(2019) (blue), and the WANS measurements of this study, acquired at the Grenoble facility (black).
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Since in this present study, the accessible s-range was much larger than in Pfaff et al. (2019) [43]
and Badaczewski et al. (2019) [37], the intralayer structure could be determined more accurately. By
contrast, for the stacking, no improvements were possible, as the widths of the (00]) reflections for
these carbons increased so strongly with increasing s that these reflections were dampened out at
moderate s-values. The WANS data for the temperature series of the LSPP and MP samples (pitches)
can be found in the SI file (Figures S6 and S8).

Pitches

@ 3000 °C

Graphitic carbon

Figure 6. Schematic representation of the two types of precursors used. Phenol-formaldehyde
resins form slightly porous glass-like carbons at high temperatures, while pitches, especially low
softening-point pitches, can form graphite at very high temperatures.

The main advancement of this study using a beamline at the Grenoble neutron facility,
when compared to our previous WANS measurements at HZB (Berlin), is the acquisition
of reflections of up to quite high s-values, where mainly (k) reflections contribute to the
WANS pattern. Therefore, more reflections were used, allowing accurately determining
the layer extent (L) and disorder () from the (lik) reflections, using the Grenoble WANS
data. Nevertheless, these WANS data suffered from a lower resolution for lower s-values.
Since, however, the low-s-range is necessary to precisely determine the interlayer stacking,
the evaluation of the WANS data from Pfaff et al. (2019) [43] was assumed to be more
accurate at small s values, i.e., for determining the interlayer parameters (L., 0'3). Therefore,
to achieve a maximum precision in quantifying the interlayer as well as the intralayer
parameters, we combined the data of the two WANS measurements acquired from identical
samples, the procedure of which is described in the SI file (53). It should be noted that
the indexing shown with parentheses strictly denotes lattice planes, and reflections would
have to be indexed without parentheses. However, brackets are used in this publication for
both meanings to improve readability.
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3.2. Non-Graphitic Carbons from Phenol-Formaldehyde Resin (PF-R)

Here, the results for the phenol-formaldehyde resin (PF-R) temperature series will
be discussed (Figure 7). Overall, the stack height (L) and layer extension (L,) increased
with increasing heat treatment temperature, while the disorder parameters in the stacking
and layers (03 and 0, respectively) decreased. Additionally, the average layer distance (23)
decreased, while the minimal layer distance (a3 min) increased as well. These changes were
in conformity with the assumption that the degree of order, as well as the dimension of the
graphene stacks, raises with increasing temperatures. PF-R 1000 contained a significant
amount of hydrogen, which generated a substantial background scattering in WANS and
required suitable correction. We found that this procedure rendered the determination of
the average layer distance 73 to be uncertain, but all other parameters did not seem to be
influenced by the high hydrogen content. In the following, the parameters and trends upon
temperature treatment are discussed and compared to our previous WANS/WAXS series
for these samples.

3.2.1. Graphene Stacks of the PF-R Carbons Temperature Series

Notably, our previous and current WAXS/WANS studies (Figure 7) yielded similar
trends in the structural parameters as a function of treatment temperature, even with the
absolute values being different (beside PF-R 1000, as described above). While the L. values
were similar, this was not the case for the stacking disorder (¢3). Note that a higher value of
o3 indicates a higher degree of disorder. As found by Badaczewski et al. [37], the parameter
value decreased from ~0.5 to 0.15 /0%, whereas, in this study, the value decreases from 1
(upper limit) to ~0.8 A. These different absolute values thus suggested a higher degree of
disorder, but such straightforward interpretation ignores another fitting parameter, which
is the minimal layer distance (23 min), which had been reported in previous studies of
such carbon materials [20,37,39-41,43]. Based on the excellent data quality in this present
study, we found that the dimension of refined a3 i, values was reasonable, in the range
of the ideal layer distance in graphite. However, the uncertainty in a3 mi, as obtained
from the refinement was so high that no convincing relationship to the treatment could
be deduced. Additionally, the average layer distance (@3) is directly linked to the position
of the reflection using Bragg’s law and should, therefore, not change [57]. linterestingly,
the L¢ value slightly decreased in the temperature range of 500 °C 1000 °C, and then
continuously increased. This decrease can be attributed to the release of pyrolysis gases in
this temperature range, which results in a certain disruption of the graphene stacks, as has
been reported previously [37].

The uncertainty for a3 as a refined parameter was between 5% and 10%, which de-
creased with higher heat treatment temperature. This tendency can be explained by the
interplay of (a3 min) and the standard deviation of the layer distance (c3). Regarding to the
work of Ruland and Smarsly [34], all these parameters contribute to the profile shape of
the (00!) reflections, and a3 min has an especially significant influence on the peak position.
Therefore, the refined values for a3 min and o3 in this study might be different compared to
the references. However, the values of 03 possess a lower uncertainty and can thus be used
to compare the samples with respect to this type of translational disorder.

Details about the analysis of the polydispersity of the stacks (x.) and the homogeneity
() can be found in the SI file in S1.
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Figure 7. Microstructural parameters obtained from WANS refinement for the carbons derived from
phenol-formaldehyde resin (PF-R) as precursor (black border only: this study (WANS Grenoble), red:
Badaczewski et al. (WAXS) [37], blue: Pfaff et al. (WANS Berlin) [43], black filled: combined WANS
data from Grenoble and Berlin). More information about the meaning of the absolute value of oy can
be found in the SI file in S6. The decrease in L for temperatures between 500 °C and 1000 °C might
have been caused by the release of pyrolysis gases in this temperature range, as already described
previously [37]. This interpretation is supported by the quite high values of ¢3 for 500 °C.

3.2.2. Layer Structure of the Phenol-Formaldehyde Resin (PF-R) Temperature Series

For the microstructural parameters specifying the graphene layers, similar conclusions
can be made as for the stacking with regard to the comparison with our previous studies.
While the average C-C bond length (I.c) was nearly identical to the results of Badaczewski
et al. [37], the values for the layer disorder () and the average layer extension (L,),
obtained in this study, were significantly lower. Additionally, the polydispersity of the layer
extension (x, = 1/v) was smaller, since v was set to seven to follow the work of Osswald and
Smarsly [21], and, therefore, k, was systematically smaller. However, the influence of «, on
the WAXS/WANS data is only small; it is rather L, and ¢ that determine the (hk) profiles.
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Smaller layer dimensions (La) lead to broader reflections; a smaller value of ¢ causes the
opposite, i.e., sharper (hk) reflections. As a difference, the layer dimension L, influenced
all (hk) reflections identically with respect to the width, while—for fundamental reasons -
the impact of 1 on reflections width continuously increases at higher s values [34]. Since
the measured s-range was much higher for our WANS data than for the WAXS data, and
due to the absence of the damping of the atomic form factor, the intralayer parameters for
the layer structure were determined much more reliably in this study than in the reference
studies.

To illustrate the influence of the experimental data range, the measured and refined
data for the PF-R 3000 are shown as a representative sample (Figure 8). Additionally,
simulated WANS data using the microstructural parameters from Badaczewski et al. [37]
(refined from WAXS data) are included. Hence, beyond the accessible data range, these
simulated data are a projection calculated with the refined set of parameters based on
WAXS data featuring a shorter s-range. It can be seen that the higher order (k) reflections
were broader compared to the actually measured WANS reflections. This deviation can be
explained by the parameter o, which has a higher influence at higher order reflections at a
large s. The refinement of the WANS data reveals that oy was substantially smaller than
determined in our previous study, and, concomitantly, L, was significantly smaller, too,
which is further illustrated in Figure 9A. In detail, the sp?>-hybridized graphene sheets had
markedly smaller extensions (Lo~16-40 A for 1000 °C-3000 °C, compared to 7-87 A), but
possessed a higher degree of order (01~0.065-0.05, compared to 0.18-0.08) compared to
Badaczewski et al. [37]. An interpretation of different values for ¢ is discussed in the SI
in S6.

Comparison between WANS data refinement and WANS data simulation from WAXS results

%

WANS range this study ) WANS range this study

oo ———
WAXS range WAXS range
Cu Ko Cu Ka
PF-R 3000 PF-R 3000
Mcasurcd WANS data (Grenoble)
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= E
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Figure 8. (A): Measured and refined WANS data of PF-R 3000. (B): Measured WANS data with
simulated WANS data calculated from the WAXS refinement of Badaczewski et al. [37]. The dotted
curve means an extrapolation in the range of large s, which was not measured in the reference.
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Figure 9. (A): Plot of oy vs. L, for the phenol-formaldehyde resin (PF-R) temperature series. deter-
mined by WANS and previous WAXS results from Pfaff et al. 2019 [43] and fitted by Schiipfer et al.
2019 [25]. This comparison illustrates that the oy values were much smaller than previously assumed.
(B): However, the ratio o1 /L, did not change, compared to our previous studies, over the whole
temperature range. This agreement is due to the fact that it is these two parameters which determine
the profile of the (/ik) reflections, i.e., their widths, especially at large s values. A similar figure for the
pitches can be found in the SI file as Figure S15.

Figure 8 thus demonstrates that the range of s values exerts a dramatic impact on the
evaluation of WANS/WAXS data with regard to the extraction of structural parameters.
While the qualitative progression of layer extent and disorder as a function of treatment tem-
perature is correctly described by our previous studies on the same samples (Badaczewski
et al. [37]), the cut-off at moderate s values resulted in erroneous values for L, and ¢y. In
other words, if the already-published parameters L, and ¢ described were correct, the
simulated data in Figure 8 should fit the measured WANS data over the whole s-range
and not only for small s values. We conclude that the intralayer parameters determined
from the present WANS data are significantly more accurate and reliable than our previous
analyses based on WAXS.

Figure 9B shows the quotient ¢y /La, which depends on the heat treatment temper-
ature, for the different analyses. This quotient does not significantly alter for the whole
temperature range, which is reasonable and not surprising, because the width of the (hik)
reflections is mainly determined by L, and 1. Also, the combination of the different WANS
data did not influence the intralayer parameters significantly, since the experimental broad-
ening in the WANS data from Grenoble was smaller for higher s values. The higher (/k)
reflections did not suffer from this problem, i.e. L, and ¢ could be determined accurately.

3.3. NGCs from Mesophase (MP) and Low Softening-Point Pitch (LSPP)

In general, pitch-based carbon (MP and LSPP) possesses a higher order in the graphene
microstructure than the resin-based carbons (PF-R) at the same heat treatment temperature.
Additionally, the low softening-point pitch (LSPP) exhibits a more ordered graphene
structure than the mesophase pitch. This general behavior is already well known and
illustrated in Figure 6. The phenol-formaldehyde resin contains phenol and formaldehyde,
which polymerizes under the release of water. Nevertheless, the resulting carbon structure
still contains hydrogen and oxygen (see elemental analysis in Section 3.5 or Table S3),
especially at lower temperatures. The pitches mainly consist of aromatic molecules, which
can build sp>-hybridized graphene layers more easily than resin. Therefore, the layer
extension is much higher for the pitches, and, additionally, at very high heat treatment
temperatures, a graphitic carbon is formed, i.e., one that shows three-dimensional order.
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Since the softening point of LSPP is much smaller than for the mesophase pitch (70 °C in
contrast to 250 °C [40]) due to generally smaller polyaromatic molecules, the LSPP forms
bigger graphene layers and stacks than MP. Contrary to PF-R-based carbon, the LSPP
samples start forming graphitic carbon above temperatures of 2500 °C (see Figure S8),
as is evidenced by the occurrence of reflections of the (hkl) type, i.e., a three-dimensional
periodicity. Hence, for these samples, the model of Ruland and Smarsly [34] cannot be used.
Thus, the LSPP 2800 and 3000 should be analyzed by a single-peak analysis. The LSPP
1800 and 2500 were borderline cases for both evaluation methods. Here, the LSPP 2500,
LSPP 2800, and LSPP 3000 were included into the comparison of structural parameters
(Figure 10) using a single-peak analysis, as they are not NGCs but graphitic carbons. This
discussion should be kept in mind when dealing with the resulting absolute values.

‘WANS range this study

)

Intensity { / arb. u.

Intensity // arb. u.

Tntensity // arb. u.

[0 WANS data this study (Grenoble)
7 WAXS data Loeh et al. 2016 v

<
2
:1' O  WAXS data Badaczewski et al. 2019
4 S 150 XX WANS data WANS, Badaczowski et al. 2019
WAXS range K] B Combined WANS data Grenoble 0o
% 100 | and Pfaff, Badaczowski ct al. 2019 -
o
MP 2100 5 X
g 50 o E % o
Combined W/}N? data ‘ 0l ZQVY oV . F‘ '
(part from Pfall, Badaczewski cl al) 500 1000 1500 2000
Heat-treatment t ture / °C
—— Refinement of combined WANS data cal-treaiment femperature
Combined WANS data - Y 8 vvy
(part fiom Grenoblc) g 0.15 I 8 N
H vo 8 ¢
1 T T T T T T T T 010 8
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 5 &
5 k) 2 o
s/A”
0.05 X o ﬁ §
Combined WANS data 500 1000 1500 2000
(part from Pfaff, Badaczewski et al.) Heat-treatment tempetarute / °C
) § . G O WANS data this study (Grenoble)
—Rclmcmcnll of Badaczewski ol al. 2019 (WAXS) 200 7 WAXS data Loeh et al. 2016
= = Extrapolation of Badaczewski et al. 2019 (WAXS) < 2007 & \yAXS data Badaczewski et al. 2019 v
. ¢ WANS data WANS, Badaczewski et al, 2019
Combined WANS da T so] X ; .
et e £ 1597 & Combined WANS data Grenoble
- B g |nd Praff, Badaczewski et al. 2019
3 o3
! . . & 50 8 u
0.0 0.5 10 L5 2.0 25 3.0 35 B § g o
siA?! [REA. VVUVQ L T T
500 1000 1500 2000
Tleat-treatment temperature / °C
Combined WANS data Bs
(part from Pfaff, Badaczewski et al.) e
g 0.6+ o
w— R cfinement of Pfaff et al. 2019 (WANS) %’ 05
= e Extrapolation of Pfaff et al. 2019 (WANS) s
2 0.1 X
Combined WANS data Z 03 o
(part from Grenoble) > Q v vV v Q 8
2021 8 g
E 01 §
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 - 500 1000 1500 2000
siAT

Heat-treatment temperature / °C

Figure 10. (A-C): Comparison of the mesophase pitch temperature series between the present WANS
study, WAXS analysis of Badaczewski et al. [37], and WANS data from Pfaff et al. [43]. There are signif-
icant differences between the fits of this study (black border only) and the simulation using the WAXS
results from Loeh et al. [40] (2016), Badaczewski et al. [37] (2019) and the WANS results from Pfaff
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etal. [43] (2019). Especially for more highly ordered samples, i.e., higher heat treatment temperatures,
the resulting structural parameters are quite different. These differences are caused by the different
experimental accessible s-ranges, as well as by different experimental broadening of the WANS
measurements [43]. Therefore, the WANS data from the two different WANS facilities (Grenoble,
HZB) were merged to optimize the accuracy in the parameter determination. The results from the
reference studies were used to simulate a WANS curve in their measurement range (filled) and to
extrapolate them beyond the range (dotted curve). It can be seen that the intralayer parameters could
not be determined precisely using the prior measured data, since the extrapolation based on the
previous studies did not fit the current WANS data taken at Grenoble facility. (D-G): Importantly,
previous WAXS measurements from Loeh et al. and Badaczewski et al. [40] overestimated the layer
size and disorder when compared to the present results determined from the WANS data from the
beamtime in Grenoble. Due to the higher amount of visible (/ik) reflections, it can be assumed that the
results from these WANS data are more accurate. On the other hand, the experimental broadening
in this study (Grenoble) at small s values led to too high and disordered stacks compared to WANS
measurements from from Pfaff et al. [43]. A zoom of the WAXS region (purple) can be found in the SI
file (Figure S15).

Comparison to Previous WANS and WAXS Studies

The works of Pfaff et al. [43], Badaczewski et al. [37], Loeh et al. [40] had analyzed the
very same mesophase pitch samples by WAXS [37] and WANS [43], the results of which
we now compared with the present WANS analyses (Figure 10). The resulting values
can be found in the SI file in Figures S6 and S8, as well as in Table S1. Compared to the
previous WAXS analyses, the values for the average layer distance (@3) and C-C bond length
(lec) were comparable. However, for most of the other important structural parameters
(Le, La, 01, - .. ) there were marked differences, especially compared to the WAXS study
of Badaczewski et al. [37], thus again proving the benefit of using WANS data for large
s values.

To illustrate the importance of a large s-range as shown in in Figure 10, we compared
the refinement of the combined WANS data (Grenoble, HZB, Figure 10A) with simulated
WANS data (Figure 10B,C) using the structural parameters taken from the previous WAXS
and WANS measurements from Loeh et al., Badaczewski et al., and Pfaff et al. [37,40,43] for
the MP 2100. Thus, in the case of Figure 10B,C, the curves are an extrapolation beyond the
respective maximum accessible value of s for the respective instrument. These reflections
were too broad in case of the extrapolation using the parameters from Badaczewski et al. [37]
as determined by WAXS (Figure 10B). In contrast, for the simulation using the WANS results
from Pfaff et al. [43] (Figure 10C), the simulated reflections at higher s-values were too
sharp. In conclusion, too big and ordered layers were obtained in the WANS study of Pfaff
et al. [43], and too disordered layers were proposed in the WAXS study of Badaczewski
etal. [37], as shown in Figure 10D,E. Magnified figures further illustrating such comparisons
are given in Figures 514 and S15.

Overall, it can be concluded that the presence of higher-ordered (k) reflections is
crucial to determine the intralayer parameters exactly, but a high s-space resolution over
the entire s-range is crucial to determine the interlayer parameters exactly. Hence, ideally,
a valid determination of all microstructural parameters can only be reached by using a
combination of two different WANS measurements, for the small and large s-range, as
described in Section 2.2.

Since WAXS study of Loeh et al. [40] published only results for lower heat treatment
temperatures of LSPP, only a few LSPP samples could be compared with the results of the
present WANS study (Figure 11). However, a detailed comparison was possible with the
WAXS analysis from 2019 [37] and the WANS analysis of Pfaff et al. [43]. The differences
for the microstructure data of the low softening-point pitch (LSPP) at a heat treatment
temperature of 1200 °C (LSPP 1200) were only small (Figure 11). In contrast to this, the
results for LSPP 1800 were very different. These differences can be explained by the
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experimental broadening from the WANS data collected in Grenoble. The combination
with the WANS data from Berlin lead to more reliable and accurate results for the intralayer
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Figure 11. (A,B): Comparison of L, (A) and o (B) values obtained from different scattering experi-
ments using X-ray and neutron radiation for identical samples. Black border only: WANS results
from WANS data collected in Grenoble. Red: WAXS results from Loch et al. (2016) [40]. Blue: WAXS
results from Badaczewski et al. (2019) [37]. Green: WANS results of Pfaff et al. (2019) [43]. Black filled:
results from the combination of WANS data from Grenoble and Pfaff et al. [43]. In general, WANS
measurements lead to more accurate results for the layer structure because of the larger accessible
s-range and the absence of the atomic form factor.

For LSPP 2500/2800/3000, we only used the average stacking height L. as determined
by Scherrer analysis from the (002) reflection (Equation (2)) for comparing the samples
(Figures S7 and S8, Table S1). As for the other samples and parameters, the overall tendency,
i.e., an increase in L following an increase in heat treatment temperature, was identical to
the previous studies, but the absolute values were different. These differences might have
been caused by the different approaches according to the fit function (Gauss vs. Voigt) and
the different resolution As/s, which both influenced the resulting parameters. However,
the value for L. determined from the WANS data from Grenoble seems to be too high
for the LSPP 2500, which was caused by the degree of disorder in this sample. At this
heat treatment temperature, no three-dimensional crystallographic order was present, and
the resulting stack height L. was intrinsically overestimated by the Scherrer equation.
Additionally, the average layer distance (73) showed a clear decreasing tendency down
to 3.38 A for the LSPP 3000, which is close to the theoretical value of perfect graphite
(3.35-3.36 A) and corresponds to a graphite-like microstructure [58,59].

3.4. Structural Differences between the Resin and the Pitches

Opverall, there was a clear tendency of increasing domain sizes and decreasing disorder
from the phenol-formaldehyde resin (PF-R) over the mesophase pitch (MP) to the low
softening-point pitch (LSPP) carbons. For the interlayer structure, the parameters L,
(average layer extension) and ¢ (layer disorder) are most relevant. For a treatment at
2100 °C, L, increased from 16 to 40 A for the PE-R in contrast to 20 to 45 A for the MP,
and even higher values that were found for the LSPP. Owing to the occurrence of general
(hkl) reflections for the LSPP 2500/2800/3000, but not for the PE-R samples treated at such
temperatures, L, could not be calculated and compared for these samples in a consistent
way. The observed differences were caused by the different precursors, as pitches contain a
higher proportion of aromatic molecules in the precursor with a relatively low concentration

LXIII



LXIV| 6.3. ANHANG
PUBLIKATIONEN HAUPTTEXTE

C2023,9,27

20 of 30

of foreign atoms. Thus, these polyaromatic hydrocarbons grow faster to extended sp?-
hybridized layers. For both the PF-R and MP, ¢ significantly decreased upon treatment
at 2100 °C, from ¢ = 0.065 to 0.052 (PF-R) and ¢ = 0.059 to 0.0482 (MP), which indicates
higher-ordered graphenes.

In contrast to the interlayer structure, the parameters L. (average stack height) and
03 (stacking disorder) are the most significant ones regarding the interlayer structure.
Surprisingly, and contrary to expectation, our WANS analysis revealed that, for the MP and
LSPP carbons, L. remained quite small until reaching considerably high temperatures (see
Figure 10, Figures S7 and S8), did not exceed ~60 A at up to 2200 °C, and only increased
up to ~70 A for a heat treatment temperature of 3000 °C (LSPP). Yet, the L. values for
the MP/LSPP were significantly larger than for the PF-R carbons and rose moderately
from 7 to 20 A (3000 °C). Interestingly, the disorder of the stacks was still higher for the
MP samples than for the LSPP carbons, which can be explained by the different softening
points (250 °C for MP vs. 70 °C for LSPP). In general, the softening point influences the
carbonization and pyrolysis at lower temperatures, as a lower thermal energy is needed to
build sp?-hybridized layers and small stacks, as is the case for materials with lower softening
points [40]. In contrast to the pitches, PF-R-derived carbon contains more foreign atoms
and less aromatic hybridized molecules, which is related to the larger degree of disorder
and smaller stack dimensions. See the following section for more details. Additionally,
these materials can contain nanoscaled porosity, implying that the resulting density is
significantly lower than for the pitches or graphite [37].

3.5. Comparison of Structural and Chemical Analysis

Elemental analysis made it possible to determine the proportions (mass) of hydrogen,
oxygen, nitrogen, and sulfur (the latter only for the LSPP). Overall, the amount of foreign
atoms decreased with an increasing heat treatment temperature (Figure 12). In the case
of the LSPP, sulfur was additionally detectable, which is caused by the precursor, but the
amount was so small that it will not be considered in the further analysis. The elemental
analysis data for the PF-R were already published by Badaczewski et al. [37], and those for
the LSPP were only published for lower temperatures [40]. The other values were derived
in the present study. The results for all samples are shown in Figure 8, Figures 51-53, and
Table S3. It should be emphasized that we focused on temperatures above 1000 °C, which
pertain to quite low contents of foreign atoms below 1 wt.%. Still, even such small fractions
seemed to exert a strong impact on the formation of the graphene layers, as is discussed in
the following. Notably, a small amount of only 0.5 wt.% hydrogen impeded the analysis of
WANS data due to the huge incoherent background.

As a first conclusion for the PF-R samples, there is a clear correlation between the
graphene sizes/disorder and the concentration of hydrogen/oxygen/nitrogen (Figure 12):
along a decreasing content of these impurities, the stacks/layers continuously become
bigger and more ordered. Note that the hydrogen and oxygen fractions are not independent,
as hydrogen is linked to oxygen-containing moieties such as hydroxyl or carbonyl groups,
but it is also bound to carbon at the edges of the graphene sheets. Hence, the lateral growth
of graphenes should go hand in hand with the removal of hydrogen.

In detail, the L, values for the PF-R (Figure 12) were still quite small for a treatment at
1000 °C, being on the order of 1-2 nm only, as was already found in previous studies (Loeh
et al., Badaczewski et al., Pfaff et al. [37,40,43]). At higher temperatures, the substantial
growth of the layers, as well as a decrease in the disorder parameter ¢y, were observed,
which corresponded to a decline in the fraction of hydrogen/oxygen below 0.5 wt.%. Our
previous studies suggested that hydrogen and oxygen-containing molecules such as CO,
and HO are released at temperatures up to 1000 °C [37].
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Figure 12. (A): Comparison of the layer extension (L,) and disorder (¢1) with elemental analysis
(B) for phenol-formaldehyde resin (PF-R) as precursor. Foreign atoms such as oxygen and nitrogen
hinder the formation and lateral growth of graphenes (in the form of carbonyl groups, -OH groups,
etc.). Therefore, a decreasing concentration of elements leads to bigger and more highly ordered
graphene layers. The values of L. and o3 are not shown here, because the trends were quite similar
to (La) and disorder (). The corresponding figures for MP and LSPP can be found in the SI file

(Figures S12 and S13). The data used can be found in the works of Badaczewski et al. (2019) [37] and
Pfaff et al. (2019) [43].

For both pitches (Figures S12 and S13), similar trends were observed; thus, only a
small number of samples were studied. For these pitch samples, the amount of foreign
atoms decreased upon higher heat treatment temperatures, and the absolute amount was
significantly smaller than for the PF-R samples at the same temperatures. This smaller
content of foreign atoms was accompanied by larger stack/layer dimensions and higher
order when compared to the resin-based carbon samples. Interestingly, nitrogen was still
present at higher heat treatment temperatures for all samples, and a small residual amount
remained, even at high T. In addition, only for the LSPP samples at 2500 °C and above,
“mixed” (ki) reflections occurred, which speaks to a graphitic structure. At this point,
hydrogen was no longer detectable. For the pitches, a further parameter needed to be
considered in the evolution of the microstructure next to the content in foreign atoms,

which was the softening-point itself, as seen by the differences between MP and LSPP.

In contrast to this, the PF-R as a precursor led, in general, to glass-like carbon through
to the pyrolysis process at lower temperatures. This process is caused by the significant
amount of oxygen/nitrogen in the precursor even at higher temperature, as well as by
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the lower proportion of aromatic/sp>Ohybridized species, thus hindering the formation of
graphene layers [37]. Closer insight was obtained by comparing the structural parameters
La and oy with the composition (Figure 12): while o stayed almost constant up to high
temperatures, L, continuously rose, while the amount of foreign atoms declined slowly
in the range of 2000 °C. Thus, the changes in composition seem primarily be related to
the lateral growth of the graphenes, while, surprisingly, their order (c1) was already quite
developed and high as for the pitch-based carbons (Figure 11) but was not further enhanced
at very high treatment temperatures (above 2500 °C). Hence, the thermal energy seems to
be decisive for removing foreign atoms from the graphenes’ edges and for the conversion
of sp? into sp? carbon.

Overall, based on the comparison of the elemental analysis of the determined mi-
crostructure data, the following can be concluded:

1. The stack height, stack disorder and the layer extension/disorder are strongly linked
to the amount of foreign atoms, especially oxygen. Due to the very low amount
of foreign atoms at this temperature, sp>-hybridized domains probably cause this
disorder.

2. A detailed comparison of composition and disorder, as described by the parameter
o1, is only meaningful using valid microstructural data, which could not be obtained
in previous studies, except for by using the high-quality WANS data in this study.

3. Oxygen or oxygen-containing functional groups are located on the edges as well as
on the lower/upper side of the graphene layers; otherwise, either the layers or the
stacks would have to grow faster at high temperatures, especially for the PF-R carbon.

4. Oxygen is believed to often be removed as water or other functional groups that
contain hydrogen. While hydrogen is still required at the edges of the graphene layers
to saturate the free electrons, the hydrogen content nonetheless decreases significantly.
Therefore, oxygen and hydrogen are believed to be removed together. Similar trends
for lower heat treatment temperatures have been shown and proven in previous
studies [37,40].

5. Nitrogen has no direct correlation with the stack/layer size and order. Therefore,
nitrogen must be mainly built in into the graphene structure. This is possible and
plausible, since nitrogen can also make sp?-hybridized structures.

6.  For the formation of three-dimensional ordered graphite, the amount of foreign atoms
must be small, close to zero. It seems that the absence of hydrogen (or a not-detectable
amount) is a good indicator.

7. Atvery high temperatures (2500 °C and above for LSPP), it is not the foreign atoms,
but the heat treatment temperature, i.e., the thermal energy, that causes the higher
order of the graphite stacks.

3.6. Raman Spectroscopy

Raman spectroscopy analysis was performed using the procedure that was recently
introduced by Schiipfer et al. in 2020 [25]. In that study, several of the samples had already
been investigated, and an improved methodology was established for the interpretation of
Raman spectroscopy data in terms of L, and ¢y by comparison with the WAXS analysis.
Hence, here we used the advanced precision in the determination of the L, and ¢y by WANS
analysis to check and validate the procedure of Schiipfer et al. [25]. For the PF-R and LSPP,
the already published data were used, but for the MP series, Raman spectroscopy data were
measured in this study. Overall, the used spectral range of 1000 cm~!-3000 cm ™! shows the
typical, most common D, G, D’ and 2D bands (Figure 13 and Figure S18) [24,25,60-63]. As
with most prominent signals, a broad and overlapping D (~1350 cm~!) and G (~1850 cm™!)
band were observed for lower treatment temperatures for all samples. The absence of a
2D band up to this temperature indicated small and disordered graphene sheets, which
matched the WAXS/WANS analysis [25,61,64]. For higher treatment temperatures, the
D’ and 2D bands appeared starting from ~1800 °C. At even higher temperatures, the
signals became sharper, and, especially for the LSPP (Figure S18), the D and D’ bands even
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disappeared, which was due to a highly ordered microstructure in the pitch-based carbons,
which coincided with the WANS analysis shown in the section above. A more detailed
interpretation of the general trends for the temperature dependence of the Raman data of
the PF-R and LSPP samples can be found in the work of Schiipfer et al., 2020/2021 [25].

In essence, Schiipfer et al. [25] correlated basic quantities of the Raman spectroscopic
data of NGC, namely, the G- and D-band positions, the I /I ratio, and the widths of
the D- and G-band positions, against L, and 1. Owing to the large number of PF-R- and
pitched-based carbon, a large range of L, values provided a meaningful basis for such
correlations. This present study achieved an improved accuracy in determining L, and o
and, thus, enabled a revision of the dependences established in ref. [25] when we recall that
the WANS analysis on the Grenoble data yielded significantly smaller L, values for the very
same samples. In the case of the Ip/Ig ratio for the PF-R (Figure 13A), the general trend
of an increase in I /I ratio with increasing L, was confirmed. However, we observed a
small, but significant shift of the overall dependence to smaller values of L, when compared
to ref. [25], while, for the LSPP and MP samples (Figures S6 and S8 in the SI), the new
values lay well within the proposed relationship. Our study thus supports the relationship
between the Ip /I ratio and L, for small L, < 6 nm, but unfortunately for L, > 6 nm, further
samples need to be studied to determine the course of this relationship.

For the PF-R, the I /I ratio (Figure 13A) increased up to a temperature of 1800 °C,
and, additionally for the PF-R and LSPP, a clear blue shift was visible up to this temperature
(Figure 13B). Additionally, the shape of the 2D signal was strongly symmetric and, therefore,
a Lorentzian curve could be used to fit these data. The resulting full widths at half maximum
(FWHM) were broader than in graphene, which indicates the turbostratic structure, thus
independently confirming the WAXS and WANS analysis [25,34,65]. The asymmetrical
shape of the 2D band for the LSPP at 3000 °C, where the right shoulder was higher than
the left, is a clear indicator for a graphitized carbon structure [61,64].

Also, the measured D-band position depending on the average layer extension (L,)
was significant lower for the PF-R series when compared to the study of Schiipfer et al. [25],
while for the LSPP, the measured values fit the theoretical values (Figure S18). However,
for a highly graphitizable precursor (LSPP), the position of the D-band fit the theoretical
values well, and the layer size could be determined from Raman measurements.
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Figure 13. (A): Raman spectroscopy data for the phenol-formaldehyde resin-based carbons (PF-
R) for different treatment temperatures, using an excitation wavelength of 633 nm. All samples
showed increasing 2D and D’ bands and a higher G/D ratio at higher heat treatment temperatures,
which are clear indicators for the increase in layer extension and decrease in disorder at higher
temperatures [24,25]. (B): The intensity quotients I /I; values were previously determined by
Schiipfer et al. [25] and compared to the different L, values determined in this present study and in
the work of Badaczewski et al. [37]. (C): The position of the D-band was lower than the theoretical
values for these resins as determined in ref. [25], indicating that, for (disordered) glass-like carbon,
such a theory may not be applicable. (D): Position of the G-band related to the L, values obtained
from WAXS and WANS. Compared to the previous study of Schiipfer et al. [25], the G-band positions
needed to be shifted to smaller L,. In both cases, the Campbell-Fauchet approach was used to model
the data, as described by Schiipfer et al. [25,66,67]. A similar figure for the pitches can be found in the
Sl as Figures S17 and S18.

For the G-band position, a similar shift of the entire relationship to smaller L, was
observed. (Figure 13C). Hence, this significant deviation compared to the study of Schiipfer
et al. [25] implies that the underlying Campbell-Fauchet approach [66,67] might need to
be modified or might not even be applicable. From Figure 13C, one can extract a shift in
the L, values by a factor of ca. two. Assuming that the Campbell-Fauchet approach is still
valid, the constant in the exponent of the Fourier coefficient concomitantly would need to
be changed by a factor of four, i.e., changing it formally to

- = 1 P — - = 1 0, —

C(ko, k) <exp (—gLﬂ(kg —k))toC(kg, k) o exp<—§ (0.5 Lg)" (ko — k))

Hence, the correction in the L, values shown in Figure 13D might point to an interesting
aspect in the interpretation of band positions for graphene-like materials. One major
intrinsic shortcoming of the Campbell-Fauchet approach, if applied to such materials, is
the assumption of spherical particles, which is not valid for graphenes. Thus, our study
might serve as the basis for a reconsideration of the important relationship between band
positions and graphene layer dimension in general.

4. Discussion/Outlook: Usage of Small-Wavelength-Radiation for X-ray Scattering
vs. WANS

In spite of the large s-range and high quality of the Grenoble WANS data, the question
remains as to whether the refinement with respect to the most relevant intralayer parameters
L, and 0 is accurate, or if an even lower wavelength is needed. Hence, we simulated WANS
data, while varying L, and ¢, for a carbon corresponding to the PF-R 1800 (Figure 14).
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The refinement values for L, and o; were used, and simulations for different values of L,
and ¢ were done, with the other parameters being kept constant (Figure 14A,B). Since ¢
does not have a significant influence on the scattering data in the common WAXS range
(s < 1.2 A=), the layer disorder could be much overweighted or overestimated in WAXS
measurements. For this reason, the average layer extension must be higher, otherwise the
(10) and (11) reflections would not fit sufficiently. By using WANS data with a low radiation
wavelength, a much higher range of s is available, and, therefore, the intralayer parameters
can be refined more exactly. To be more precise, the refinement is now unique, which was
not the case when using only WAXS data. Moreover, it is now possible to disentangle L,
and o7y, i.e., the layer size and the layer disorder. Moreover, the Mo-K« radiation having
a small wavelength and, therefore, allowing a higher measurement range cannot lead to
more exact results, since the damping of the atomic form factor is too strong.

Separation of size (L,) and disorder (o)) of graphene layers (simulated WANS data )

‘WANS range this study ) l ‘WANS range this study )
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Figure 14. (A-D): Simulation of WANS and WAXS curves to assess the respective impact of
different values of L, and ¢ with regard to the fundamental question as to whether size (L,) and
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disorder/strain (01) can be validly disentangled at all. The refined values for PF-R 1800 were used
to simulate scattering curves with higher/lower layer extension/order. (A): simulated WANS data
(A = 0.4975 A) with constant ¢y and variation of L,. (B): simulated WANS data (A = 0.4975 A) with
constant L, and variation of ¢y assuming typical values of ¢;, The layer disorder (07) as well as the
layer extension (L,) were overestimated in previous WAXS studies, as the s-range was insufficient. By
using WANS data presented here in this study, it is possible to differentiate between these parameters
in their impact on the data and to quantify them reliably. Building on this leads to a new view of the
NGCs, especially the resins: The graphene layers were much smaller but more ordered, as assumed
before. (C,D): simulated WAXS curves using Mo-Ka radiation (A = 0.71 A), under variation of L, and
01, analogue to (A) and (B). Using Mo-K« radiation (A = 0.71 A) allows for WAXS data with a high
s-range, but suffers from the damping of the atomic form factor, so the visible reflections will have
only a low intensity. Hence, size (L,) and disorder (c1) cannot be precisely determined, even when
using a Mo-K« radiation source. The measurement range of Pfaff et al. is related to reference [43].

In contrast to prior measurements and publications, these are the first measurements of
such NGCs where the intralayer parameters could be determined validly and reproducibly.
Since the layer disorder as well as the layer extension were overestimated in prior studies,
the present analysis led to smaller, but higher-ordered graphene sheets.

5. Conclusions

This study was dedicated to the fundamental question of the magnitude of nanoscaled
disorder in the abundant class of non-graphitic carbon (NGC) materials, which are com-
posed of small-sized graphenes as building blocks. The basic structural make-up had
already been described decades ago, based on X-ray scattering, by pioneers in the field,
such as Rosalind Franklin and B. E. Warren: NGCs are made up of graphene stacks possess-
ing finite, small dimensions, as well as rotational and translational disorder in the stacking
of the graphenes. The substantial structural disorder of the graphenes themselves can be
fundamentally quantified by analysis of the width of the (hik) reflections in wide-angle X-ray
and neutron scattering (WAXS/WANS). However, as a finite dimension of the graphenes
causes broadening of these reflections as well, the disentanglement of size and disorder
from experimental WAXS/WANS data is a challenge.

The main strategy of this study was to merge WANS data from two facilities, HZB
(Berlin) and ILL (Grenoble), that were acquired on the very same materials. Thus, the
WANS data spanned a huge range of the modulus of the scattering vector s (s = 2 sin()/A)
and also profited from the different resolutions of the beamlines as small and large s values.
We showed that WANS is superior to WAXS for several reasons, and that high-quality
WANS data, obtained at the Grenoble facility, enabling a huge s-range, indeed allowed for
disentangling size and disorder and, therefore, provided reliable values for the disorder
in the form of the parameter ¢y. This led to a detailed and meaningful verification of the
present view on the microstructure (especially the layer extension (L,) and stack height (L),
as well as their degree of disorder (mainly ¢y and o3, respectively)) and their evolution
at different heat treatment temperatures. We studied three different carbon materials
from different carbon precursors, i.e., non-graphitizing glass-like carbon building (phenol-
formaldehyde resin, PF-R) and two graphitizing pitch-based carbons (mesophase pitch and
low softening-point pitch, MP and LSPP), which had been previously studied by WAXS
and WANS [37,40,43].

Our study advances the characterization of graphene-based carbons and the view on
their structural make-up in several aspects:

1. Only WANS data with a high s-range lead to a reliable and reproducible determination
of the dimension and disorder of the graphene layers. Using WAXS data or WANS
data with a small s-range, e.g., using typical XRD instruments using Cu-K« radiation,
leads e.g. to unreliable intralayer parameters L, and 0.
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2. The refinement approach of Ruland and Smarsly [34] allows for excellent fitting of

WANS data, even up to quite large s values, which enables a precise determination of
the microstructural parameters describing the graphene structure.

3. Raman spectroscopy studies by Schiipfer et al. [24,25] established and advanced

methods for the correlation between signal width/height of the different bands and
the microstructure, especially L,, based on a validation with WANS/WAXS. While
the present study showed that the previously determined values for L, were too
large, we demonstrated that the method by Schiipfer et al. is still usable to quantify
the graphene structure and, in particular, to describe qualitative changes e.g., upon
temperature treatment. Further theoretical work needs to be advanced in order
to establish a quantitative relationship between band positions and the graphene
dimension.

4. Asamostrelevant finding, apparently “disordered” carbons (especially prepared from
phenol-formaldehyde resin; PF-R) are much less disordered as previously assumed,
based on the ¢y values. Concomitantly, the graphene layers in such PF-R carbon
samples are smaller (on the order of a few nm at most) but are internally more highly
ordered than predicted in prior studies (Figure 15) in which the layer extension
and disorder were overestimated systematically. We think this insight represents a
paradigmatic, fundamental advance in the view on the structure of these materials.
They are by no means “amorphous”, but, on the contrary, the graphenes in NGCs
possess an order close to an ideal “graphene”. This result might contribute to the
understanding of graphitization in the formation of graphite in the future.

x Qp

More Less

ordered ordered
Phenol-form- Mesophase
aldehyde resin pitch

Figure 15. New insights into the microstructure of non-graphitic carbon: Compared to prior studies
on the same materials [43] (A), the present analysis (B) suggests smaller, but highly ordered graphene-
layers. Reprinted and adapted with permission from Ref. [43]. Copyright 2019 American Chemical
Society.

Hence, our study stimulates further questions and further analysis e. For instance, the
so-called pair distribution function (PDF) [49-53] will be calculated from the present WANS,
but also from suitable WAXS data, for example, from an XPDF experiment performed at
the Diamond light source. Additionally, WAXS measurements at similar wavelengths, as
applied in this study (A~0.5 A), should be performed for samples containing a significant
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amount of hydrogen, which impedes reliable WANS analysis. Tests should be performed
as to whether the WAXS of such samples can be evaluated more accurately than at present
and, additionally, if such measurements are as exact as WANS measurements.

In conclusion, we believe that the present study proposes an advanced methodology
for studying graphene-based carbons, and also advances the view on the structure of
important classes of non-graphitic carbon.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/¢9010027/s1. SI—Additional Data and Mathematical Background.
References [21,24,25,34,37,40,43,66,67] are cited in the supplementary mate-rials.
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S1. Overview of all used parameters

In addition to 2.2, not the microstructure parameters itself, but parameters of distribution functions are
refined (¢ and f for interlayer parameters, v and « for intralayer parameters) from which the
microstructure parameters are calculated (equations (7) — (14)). Therefore, a brief overview of all
parameters used for the refinement and the received microstructure parameters as well as some other

important units is given here.

For the number deviation of the average number of layers per stacks the following equations were found

[]:

H

n(N) = %N“'lexp(-ﬁm ™
_u

=4 ®)

Lo—a 9

C 3 ﬂ ( )
1

Ke = — (10)
u

3
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Table S1  Overview of all used parameters for a refinement using Octave. The column “influence
on scattering data” describes, if the parameter has a large (+), medium (o) or small (-) influence on the

theoretical intensity.

Para- Parameter in Parameter used for Description Influence on
meter Octave refinement scattering data
q q Measured Modules of the scattering vector
(=2-m-s)
s S Measured Modules of the scattering vector

(=2/4 - sin(0))

A wavelength ~ Given constant Wavelength of used radiation
0 theta Measured Scattering angle, half ,,Bragg-angle®
as a3 a3 Average layer distance +
a3 min a3min =az—da3 Minimal layer distance + (only for visible
(004) reflection,
else -)
03 sig3 03 Disorder of the stacks (standard deviation +
of a3)
Lq La =+ Da Average graphene layer size + (calculated
parameter)
Im Im =via Average chord length + (calculated
parameter)
Ka kapa =1/ Polydispersity of chord length Depends a lot on
the experiment,
see 2.3
lec lce lec Average C-C bond length +
o1 sigl o1 Disorder of the layers (i.e. stress and +
strain)
&1 epsl - Disorder of graphene layers due to local -- (not impl-
strains emented)
Kt kapr =3n2 (1/v+1)/32 Polydispersity of the radius of the Currently not
-1 graphene layers used
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&3

CH

CN

co

Cs

Aan

const

consty

Le

kapc

eps3

cH

cN

cO

cS

dan

constl

const2

density

=(utD/p

=ay - (utD)if=Le

= a3/a3 min

cn (constant)

¢N (constant)

co (constant)

cs (constant)

Aan

consty

const,

p (constant)

6.4, ANHANG |LXXIX

PUBLIKATIONEN -

Average number of graphene layers per

stack

Average stack height

Polydispersity of stack height

Disorder of stacks due to local strains

Preferred orientation

Concentration of unorganized hydrogen

Concentration of unorganized nitrogen

Concentration of unorganized oxygen

Concentration of unorganized sulfur

Anisotropy of atomic form factor of

carbon

Normalization constant for log10(k - Ie.u.

+ constl) + const2

Constant shift for logl0(k - Ie.u. + constl)

+ const2

Non-constant (linear) shift for logl10(k -

Ie.u. + constl) + const2

Factor for exponential damping of the

scattering intensity with le.u. = exp(g - s)

- le.u.
Additional parameter for incoherent
background (Q # b, see 2)

Density of the sample

LXXIX

ANHANGE

+ (calculated

parameter)

+ (calculated

parameter)

o (calculated
parameter,  but
generally  high

error)

0 (calculated
parameter,  but
generally  high

error)

+

0 (depends on

value)

0o (depends on

value)

+
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d sampleThick  d (constant) Thickness of the sample o
ness
Uab mue_ab ab (constant) Absorption factor, calculated from o

density, sample thickness and wavelength

- polarizedBea constant Is the beam polarized? +
m

D polarization @ (constant) Polarization direction of beam in ° +
Degree

r par r r (constant) Radius of the goniometer (in cm; fixed o

due to experiment)

0 par_delta d (constant) Divergence angle (in °; to choose by user) o

/ par_1 I (constant) Irradiated length (in cm; fixed during o
measurement)

R R R (constant) Parameter for position correction -- (not available)
according to D2thtx

t t 1 (constant) Parameter for position correction -- (not available)
according to D2thtx

Influence on scattering data is just the personal meaning of the author based on the experience of several

refinements.
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S2. Implementation and calculation time consumption of v

The implementation of v as described in 3.1 in the main article

Pu(r) = ﬁ [T+, ar) - T (v, ar)] (1
= 2 (12)
L= (9 == (13)
P (14)
v

is used to calculate the profile shape of the intralayer reflections and therefore the intralayer parameters
(e.g. the average layer extension L,). However, v is not refined, but fixed to a constant depending on the
maximum measured modules of the scattering vector smax (see Table S2). Several calculations showed
that this implementation is very useful to improve the speed of the refinement, since the influence of v
is only very small on a single reflection. Also, the parameters o (for the calculation of the layer extension
L;) and o, (stress and strain of the layers (“disorder”)) have a much higher influence on the profile
shape. Hence, this usage of v does not degrade the physical assumptions and the resulting accuracy of
the refinement. More precisely, it is not possible to determine v and therefore the polydispersity of the

graphene layers (x, = 1/v) in an experimental way.

In the following, an overview of the recommended minimal value of v for the s-value is given. Table
S2 is just a recommendation and for some samples or more special experiments, e.g. WANS with a low
wavelength, it might be useful to use a larger value of v. In general, v < 4 is not recommended.
Additionally, the calculation time using Octave is about 4 times faster than using the algorithm from
Pfaff et al. [3] for v=4.
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Table S2  Recommended value of v for a maximum measured modules of the scattering vector Smax,
regarding maximum polydispersity and the average calculation times using the algorithm from Pfaff et

al. [3] and the improved used in the present study, respectively. In general, v <4 is not recommended.

Duration for a single calculation

v Smax / A Ke, max Pfaff et. al (2018) Octave
4 1.4 0.250 21.6s 59s

5 1.85 0.200 30.1s 13s

6 2.35 0.167 393 s 252s
7 2.8 0.143 499 442 s
8 3.1 0.125 61.6s 75.1s
9 3.5 0.111 74.5s 1143 s
10 3.85 0.100 88.6 s 166.7 s
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S3. Determination of the error bars

Generally, in non-linear fitting procedures the initial values of the fitting parameters may exhibit an
undesired strong impact on the final fitting result. In order to evaluate this possible issue, two automatic
refinements were performed for the four samples by means of Octave, using different starting parameter
values. In the first one, the refined microstructure values taken from Pfaff et al. [3] were used as initial
parameters (Octave data set Pfaff et al. see Figure 6 in the main article and Figure S1). The second one
takes our default starting parameters as described in Table S6 (Octave data set default values , see
Figure 6 in the main article and Figure S1). First tests using the already refined microstructure from
Pfaff et al. [3] were done to validate, if the general refinement works in principle and leads to
comparable results. The second test using the default starting parameters as described in Figure 6 in the
main article and Figure S1 was performed to validate if the numerical refinement/minimalization of
Octave works well and leads to the same (or similar) results. These default starting values are in

principle mean-values of the aforementioned structural parameters of common NGCs.

More precisely, Octave uses the Levenberg-Marquardt non-linear fitting algorithm to perform the
refinement. Hence, the influence of each (microstructure) parameter on each simulated fit value is
calculated, so the refinement time depends on multiple effects: First, the size of the matrix as described
before, second, the direct calculation time of a theoretical scattering curve and third, the number of
scattering curves, which must be calculated in each refinement step (two for each refinement parameter
- one with a greater and one with a lesser value). In the following steps, a so-called singular-value-
decomposition (SVD) is performed, which leads to a covariance matrix of all refinement parameters.
The square of the individual values of the diagonals of the matrix is then the standard deviation (¢
deviation) of the corresponding refinement parameters. A deviation of 16 means the probability that the
“real” value of the parameter is in the range of [“calculated value — ¢ deviation”; “calculated value + ¢
deviation™] is ~ 68 %. In the same way, the so called 26/3¢ deviations can be calculated: The probability
of the value of a refinement parameter lying in the 20 range ([“calculated value — 2 - ¢ deviation™;
“calculated value + 2 - ¢ deviation™]) is ~ 96.5 % and for the 3o range the probability is ~ 99.7 %. In
other words, the refined parameter is the mean value of a Gaussian distribution and o its standard

deviation.

This quantification of the refinement error is completely different than in prior studies [2—6], where the
uncertainty of the individual microstructural parameters was determined by variating a single parameter
until a significant visual change of the calculated scattering curve was observable. Applying this
procedure, the typical error for each parameter was in the range of 10 — 15 %. By contrast, using
OctCarb the error is systematically calculated within the fitting procedure, thus the resulting error is
usually much smaller using Octave. However, the user has to decide whether to use the 16, 26 or 36
range as the refinement error, which refers to the importance of how exactly the relative parameter

uncertainty should be known (26 or 30).
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We found that the uncertainties of the individual structural parameters defined in this way strongly
depend on the number of data points in one scattering curve, which can now be nicely demonstrated by
the samples used (Table S3): For example, the errors for the PIL. WAXS data are small, because the
data possess about 10-times more measurement points than the other samples. For the same reason, the
calculated errors for AC Type H are quite high, because the WAXS data of this sample consist of only
a low amount of measurement points (258 compared to 2392 of PIL) (for more information about the

influence of the number of data points see S11).
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S4. Results of the refined samples for the verification of the OctCarb (plots)

E PIL - FA-850
(poly(ionic liquid)-derived carbon fiber) | (carbonized furfuryl alcohol treated at 850 °C)

a o ] (meas)
I (Octave data set Pfaff et al.)

—— I (Octave data set default values)
—— [ (Pfaff et al. 2018)

= E]
£ ch
= <
~ ~
2 2
= = o
2 ]
= =
T T T T T T T T 1 T T T T T T T T 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
s/ A" s/A?
B CTP-800 b AC Type H
h (coal tar pitch carbonized at 800 °C) (activated carbon)

Intensity // arb. u.
Intensity 7/ arb. u.

Figure S1  Validation of CarbOct using WAXS data of different well-evaluated samples (PIL =
poly(ionic liquid)-derived carbon fiber, FA-850 = carbonized furfuryl alcohol treated at 850 °C, CTP-
800 = coal tar pitch carbonized at 800 °C, AC Type H = an activated carbon). All three methods
(automatic fits using Octave with the values of Pfaff et al. [3] as start values (red) and the recommended
standard values as start values (blue) and the fit from Pfaff et al. [3]) lead to a similarly acceptable
fitting and comparable structural parameters as reported in Pfaff et al. [3]. For improved visualization,
for PIL only every 20" point and for all other samples only every 2" point is shown. The evaluations

of sample FA-850 by the different approaches are compared in further detail in Figure 6.
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S5. Results of the refined samples for the verification OctCarb including the calculation times for

the WAXS refinements

Table S3  Overview of the microstructure parameters of CTP-800 (carbonized coal tar pitch), AC
Type H (activated carbon), FA-850 (carbonized furfuryl alcohol) and PIL (poly(ionic liquid) carbon
fiber).

The parameters were rounded to the same number of digits as the values given in the original publications. v was
fixed to 4, i.e. k. = 1/v was fixed to 0.25. In Faber et al. [5] and Pfaff et al. [3], the errors of the other parameters
were estimated by the influence of changing the parameter on the quality of the fit. For Octave manual and Octave
fitted the error was calculated inside the fitting process. For this refinement, the error is a mathematical calculated

error and more accurate than in the references.

AC Type H AC Type H AC Type H AC Type H

Parameter [5] [3] (Octave manual) (Octave fitted)
L/ A 32+4 31+3.9 30+7.3 30+7.1
InlA 26+3.3 24 £3 24117 24+11.4
a1 0.12+£0.014 0.124+0.0141 0.11£0.006 0.11£0.006
Kal A 0.25 0.25 0.25 0.25

Nm 1.8+0.23 1.8+0.23 1.7+£0.37 2+04

N 2.7+0.27 2+£0.25 2+0.2 2+0.2

L/ A 7+0.9 7+0.9 7+0.6 7+0.6

Ke/ A 0.15+0.02 0.12+0.02 0.15+£0.02 0.15+£0.02
a /A 3.6 £0.054 3.56 £ 0.053 3.51+0.057 3.52+£0.056
o3/ A 0.57£0.057 0.5+0.05 0.45+0.058 0.46 £0.058

! Not published but known due to personal contact to the author.
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CTP-800 CTP-800 CTP-800 CTP-800
Parameter [5] [3] (Octave manual) (Octave fitted)
L./ A 19+2.4 19+2.4 18+13 18+1.3
In/A 16 +2 15£1.9 15+2.1 15£2.1
o1 0.14 £ 0.016 0.13+0.0162 0.12£0.02 0.12 £ 0.02
Kl A 0.25 0.25 0.25 0.25
Nin 2+0.25 2.2+0.28 1.5+0.59 1+0.6
N 3.9+0.49 3.8+£0.48 3.4+0.39 3.4+0.39
L./ A 13+1.6 13+£1.6 12+£0.8 12+£0.8
kel A 0.96 +0.12 0.76 £ 0.1 1.27+0.38 1.27+0.38
a /A 3.44 +£0.052 3.44 +0.052 3.43 £ 0.006 3.43 +£0.006
o3/ A 0.26 £ 0.026 0.23 £ 0.023 0.2 +0.025 0.2 +0.025

FA-850 FA-850 FA-850 FA-850
Parameter [5] [3] (Octave manual) (Octave fitted)
L./A 25+3.1 23£29 28+ 1.6 28+ 1.7
In/A 2025 19+2.4 23+2.5 23+2.8
o1 0.13£0.016 0.13£0.0163 0.15+£0.012 0.16 £ 0.013
Kal A 0.25 0.25 0.25 0.25
N 1.5+0.19 1.6+£0.2 1.6 +0.28 2+0.7
N 23+£0.29 2.3+0.29 23+0.17 2.8+0.4
L/ A 81 81 8+0.5 10+ 1.3
Ke/ A 0.51+0.06 0.42 £0.05 0.44 £0.05 0.44+0.1
a !l A 3.6 £ 0.054 3.61+0.054 3.6+0.025 3.74+0.13
o3/ A 0.43 +0.043 0.44 +0.044 0.44 +£0.052 0.69+0.217

2 Not published but known due to personal contact to the author.
3 Not published but known due to personal contact to the author.
13
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PIL PIL PIL PIL
Parameter  [7] [3] (Octave manual) (Octave fitted)
L/ A 20+2.5 20+2.5 22405 22+0.5
Inl A 16+1.9 16+2 18+0.8 18+0.9
o1 0.25 0.13+0.016* 0.15 + 0.005 0.14 + 0.005
Kl A 1.7£0.21 0.25 0.25 0.25
N 3+0.36 1.7+0.21 1.5+0.14 1£0.1
N 11+1.4 3+0.38 2.6+0.09 2.6+0.09
L/A 11+1.4 11+14 9+0.3 9+0.2
Ko/ A 0.77 £ 0.1 0.77 £ 0.1 0.79 + 0.05 0.78 + 0.05
@l A 3.63 +0.054 3.64 £ 0.055 3.57+0.008 3.56 + 0.007
o3/ A 0.54 +0.054 0.56 = 0.056 0.47 +£0.015 0.46 + 0.014

Table S4  Calculation times for the different samples and a different amount of measurement points.

HPC means high-performance computing cluster (JustHPC at the Justus Liebig University Giessen [8] using
CentOS 7, typical node parameters are 2 x 12 sockets x cores/socket, 192 GB memory, 54.4 GFlops/Core and
Intel Xeon Skylake 6126 or 6226 (1.7 Ghz or 1.9 Ghz) processors), common PC is a Windows computer using an
Intel® Core™ i5-8400 CPU (4x 2.8 GHz) and 16 GB RAM Raspberry Pi is a Raspberry PI 4B Rev. 1.1 using an
ARM v7 processor (4x 1.5 GHz) and 4 GB RAM running at Raspbian 11 (bullseye).. The main influence on the
calculation time has the amount of measurement points and not the processor, due to the missing availability of
parallel computing. Of course, a high-performance computing cluster is faster, if one want to refine multiple
samples at once, because on these systems a high number of different programs can run simultaneously. All values
are just examples and might vary due to different background processes on the different systems. The calculation

time is given in minutes.

Cale. time Calc. time Calc. time
Sample Measurement points HPC common PC Raspberry Pi
AC Type H 258 05:14 03:42 11:49
CTP-800 163 01:50 02:13 04:08
FA-850 300 04:36 07:56 05:13
PIL 2392 22:17 15:55 50:54

4 Not published but known due to personal contact to the author.
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Table S5  Overview of the microstructure parameters of H-2100/H-2800 (phenol formaldehyde

resorcinol) and LSPP-1200 (low softening point pitch) measured by wide-angle neutron scattering

(WANS).

The parameters were rounded to the same number of digits as the values given in the original publications. v was

fixed to 4, i.e. ko = 1/v was fixed to 0.25. The error for each parameter for the references and the manual fitting is

about 10-15 %.

Parameter
L./A
In/ A
e/ A

a1

L./ A
Nn/A
N

kel A

a /A
as,min/ A
o3/ A

n

H-2100
2

40

32

1.413

0.067

14

H-2100

Octave automatic

34+0.3

27+0.5

1.418 = 0.0002

0.056 + 0.0025

11+04

2+03

3+£0.2

0.43 +£0.029

3.49 + 0.005

2.49+0.076

0.34+0.009

0.89+0.003

H-2800

51

43

1.419

0.047

0.49

3.48

0.25

0.93

H-2800

Octave automatic

51+1.2

41+£1.9

1.421 = 0.0002

0.052 +0.0024

191

3+£0.7

6+0.4

0.79+0.032

3.46 £ 0.003

2.87+0.037

0.2+0.008

0.96 + 0.002
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LSPP-1200 LSPP-1200 LSPP-1200
Parameter 2 Octave automatic Octave manual
L,/ A 27 23+0.1 23
/A 22 18£0.2 18
e/ A 1.418 1.42 +0.0003 1.420
o1 0.062 0.066 = 0.0037 0.066
L/A 17 31433 15
Nn/A 3 0£0.7 3
N 5 9+12 4
Ko/ A 0.63 100 + 559.241 0.67
@l A 3.48 3.51+0.006 3.51
as,min/ A 3.00 2.51£0.1 3.21
o3/ A 0.30 0.45 £ 0.009 0.33
n 1.00 1+0.002 1

16
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S6. Tests for fitting the (004)-region of the LSPP-1200 WANS-data

In section 4.2.3 of the main article, the problem of fitting the (004)-region of the WANS data of the
sample LSPP-1200 was discussed. The main problem is the poor fitting of the (004)-region using the
automatic fit from OctCarb. Hence, an automatic refinement using the whole data range must be
adjusted manually afterwards (Figure 7 of the main article). To get deeper insights and a more detailed
understanding of this issue, some other refinements were performed using only a smaller range of the

measured data (Figure S2 - Figure S4).

First, only the refinement range was reduced, and the resulting scattering curve was extrapolated over
the entire range (red). Second, the normalization parameters were fixed, and the other microstructure
parameter were refined and the result extrapolated (blue). In the next step, only the interlayer parameters
with (green) and without the normalization parameters (purple) were refined and the result extrapolated.
Since at higher values of s, only intralayer reflections are visible, a smaller range is sufficient to
determine the interlayer structure parameters. Data at higher s-values do not lead to more accurate

results regarding the interlayer structure parameters.
Three main conclusions can be drawn from these tests:

1. Looking at the refinements including the normalization parameters, it becomes evident that the
normalization parameters were calculated wrong using only the smaller data range. On the other
hand, the scattering data in this area including the (004)-region can be refined well. Overall,

this indicates that the incoherent background of the scattering data was not subtracted properly.

2. Even if the measured data are hardly influenced by noise and the fitted curve lies almost
perfectly on the data, the intralayer parameters cannot be determined exactly. For the higher
order reflections (s > 1.2 A), slight differences are visible between the “without normalization”
and “only interlayer” fits. This means, that Octave tries to use the overlapping intralayer
reflections as small background correction to refine all data as best as possible. This results in

slightly calculated intralayer reflections and therefore other intralayer parameters.

3. Another explanation for 2 can be found by the influence of the layer disorder on the scattering
data: In general, a stronger layer disorder causes broader reflections, with higher order
reflections becoming broader [1]. So the used range for the refinement might be too small to
determine this disorder correctly, since the influence is too small on these lower ordered
reflections. On the other hand, with higher values of s, no more interlayer reflections are visible,

so an extension of the measurement range would not solve this problem.
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However, overall the main problem for the automatic refinement regarding the (004)-reflection is its
shape: It is too much a shoulder rather than a clearly visible reflection and therefore, it is too
“insignificant” for the Octave fitting routine compared to the whole scattering curve, especially to the

neighboring valleys/feet which makes the manual adjustment necessary.

As another test, in the ranges of 0.33 A" <5 <0.44 A and 0.63 A' <5< 0.77 A not all measured
points were refined. Instead, some points were left out during the refinement and extrapolated
afterwards (Figure S5 - Figure S7). This test confirms that for Octave the feet/valleys besides the (004)
and (11) reflection are more relevant in the fitting algorithm as the (004) reflection itself. Figure S7
shows, that only every 30™ point (in the s-ranges 0.33-0.44 & 0.63-0.77 A™") should be considered in
this case, while more points would still influence the results. Nevertheless, the results from the
automatic refinement are different compared to the manual refinement, especially the stacks are now
significant higher (L.). At first glance, this sounds like a significant intrinsic flaw between these two
methods. However, this difference can be explained on closer inspection of the individual parameters:
With the manual fit, both the difference between a; and as min and the absolute value for o3 are smaller.
This higher order results in sharper interlayer reflections in WAXS/WANS data. To compensate for
this effect, the crystallite size, i.e. the stack height, has to be smaller, which in turn leads to broader

reflections. Overall, these effects balance each other out, so that both fits and both results are plausible.
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(002) 0 Measured data
(11)  Automatic fitting with ...
- i all parmeters

all parameters, but with
constant normalization
only interlayer parameters
006)  with normalization fitting
only interlayer, but with
constant normalization

Intensity // arb. u.

fitted extrapolated
I I I 1 I I I 1

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

s/ A’

Figure S2  Tests for the automatic Ocfave refinement with special attention to the (004)-region of
WANS data from LSPP-1200 (low softening-point pitch). For all tests, only the orange area was fitted,
and the green areas extrapolated. Tests were performed with all parameters (red), the interlayer and
intralayer parameters without the normalization (blue), the interlayer parameters with the normalization

(green) and only with the interlayer parameters (purple). Only every 5% data point is shown.
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(002) 0 Measured data
(11) Automatic fitting with ...
only interlayer parameters

1! | with normalization fitting
' only interlayer, but with
5 il ' constant normalization
)
s
= il
-1 m
2
R7) i
|
L m
g - 0
i
0
fitted extrapolated
I I I I I 1 I I
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
s/ AT

Figure S3  Tests for the automatic Octave refinement with special attention to the (004)-region of
WANS data from LSPP-1200 (low softening-point pitch). For all tests, only the orange area was fitted,
and the green parts extrapolated. Tests were performed with all parameters (red), the interlayer and
intralayer parameters without the normalization (blue), the interlayer parameters with the normalization

(green) and only with the interlayer parameters (purple).
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(002) O  Measured data
(11) Automatic fitting with ...

- it} only interlayer parameters
1! | with normalization fitting
¥ only interlayer, but with
. il T constant normalization

Intensity // arb. u.

fitted extrapolated
I I I 1 I I I 1

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

s/ A’

Figure S4  Tests for the automatic Ocfave refinement with special attention to the (004)-region of
WANS data from LSPP-1200 (low softening-point pitch). For all tests, only the orange area was fitted,
and the green parts extrapolated. Tests were performed with all parameters (red), the interlayer and
intralayer parameters without the normalization (blue), the interlayer parameters with the normalization

(green) and only with the interlayer parameters (purple).
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(10) O Measured data
Refined points between
0.33-0.44 & 0.63-0.77....

Every point
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Figure S5 Tests for the automatic Octave refinement with special attention to the (004)-region of
WANS data from LSPP-1200 (low softening-point pitch). For all tests, only the orange area was fitted,
and the green parts extrapolated. In order to determine the influence of the feet/valleys on the (004)-
reflection, first all (red) and then only every 2™ (blue), every 5™ (green), every 10" (purple) and at last
no point (brown) were used for the refinement. For more details, take a look at Figure S6. It becomes
clearly, that the high number of data points in the feet/valleys influence the refinement. Compared to
the (004)-reflection, these green areas are in mathematical terms more important. Less refined points in

the green areas lead to a higher accuracy in the (004)-reflection.
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(10) 0 Measured
Refined points between
0.33-0.44 & 0.63-0.77....
Every point
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Every 5% point
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Figure S6  Tests for the automatic Ocfave refinement with special attention to the (004)-region of
WANS data from LSPP-1200 (low softening-point pitch). For all tests, in the orange area all points and
in the green area less points were fitted. Hence, in the ranges of 0.33 A' <5 <0.44 A'and 0.63 A" <
5 <0.77 A, not all points were used. In order to determine the influence of the feet/valleys on the
(004)-reflection, first all (red) and then only every 2™ (blue), every 5" (green), every 10™ (purple) and
at last no point (brown) were used for the refinement. It becomes clearly, that the high number of data
points in the feet/valleys influence the refinement. Compared to the (004)-reflection, these green areas

are in mathematical terms more important. Less refined points in the green areas lead to a higher

accuracy in the (004)-reflection.
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Figure S7  Tests for the automatic Octave refinement with special attention to the (004)-region of

WANS data from LSPP-1200 (low softening-point pitch). For all tests, only the green range in Figure
S5 was fitted. Hence, in the range of 0.33 A <5< 0.44 A" and 0.63 A" <5 <0.77 A", not all points

were used. In order to determine the influence of the feet/valleys on the (004)-reflection, some points

were skipped. Evidently, a high number of data points in the feet/valleys influence the refinement.

Compared to the (004)-reflection, these regions of the scattering curve (green domains in the figures

above) are in mathematical terms more important. Less refined points in the green areas lead to a higher

accuracy in the (004)-reflection and therefore, the interlayer microstructure parameters are different.
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S7. Download and usage of iObs

The currently used C++ code for calculating iObs including some auxiliary files for compiling an *.oct

file for Octave is available in the GitHub.?

S7.1. Compilation of an *.oct file for using iObs with Octave

An alternative way to use the calculations code in C++ is to compile it in an *.oct file, which can be
used from Octave. A video describing the next step is available in the GitHub © and at YouTube 7 8. The
basic idea is, that Octave uses some code, which is precompiled for different operating systems. This
code can be used as an additional library for C++, so the algorithm of calculating s can be converted
in an *.oct file on the currently used operating system. This *.oct file in turn can be opened and used
by Octave to calculate I inside Octave. This method allows to calculate /os and therefore to refine
measured WAXS/WANS data without the directly usage of any C++ code. Hence, the command
mkoctfile implemented in Octave is used to perform this compilation. In principle, beside the pure
calculation file, an additional file performing the in- and output operations, which is basically a

“connector” between Octave and C++ code, is needed (iObs.cpp).

Since the compilation is unique for each operating system, it is highly recommended to compile the file
on every different operating system. While the compilation is different for each operating system, only
a brief overview of the command and its usage can be given. A more detailed instruction how to build

an *.oct file explaining these steps as well as some example files are available in the GitHub. °

For Microsoft Windows, two commands must be executed, whereas the paths must be adjusted,

obviously:
cd C:\Octave\Octave-5.2.0\mingw64\bin

C:\Octave\Octave-5.2.0\mingw64\bin\mkoctfile -LC:\Octave\Octave-5.2.0\mingw64\lib\Octave\5.2.0
-IC:\Octave\Octave-5.2.0\mingw64\include\Octave-5.2.0\Octave ‘C:\iObsOct\iObs.cpp’

For MacOS and Linux, only one command must be executed:

MacOS: mkoctfile -I/usr/local/bin/Octave ~//i0ObsOct/iObs.cpp

Linux: mkoctfile -I/usr/include/Octave-5.2.0/octave ~/iObsOct/iObs.cpp

The exact path for the include files can be found out using the following command:

which Octave

3 https:/github.com/osswaldo/NGCs/blob/master/Octave/oct-files/Self-compilation/iObsOct/calculations.cpp
® https://github.com/osswaldo/NGCs/tree/master/Instruction%20Videos
" English: https://www.youtube.com/playlist?list=PLTInYDX5g1FylW{H8cSM_ZQUQpn3dSp6M
8 German: https://www.youtube.com/playlist?list=PLTInYDX5g1 FwaOQKLXTxrpvHW9CRUwBrk
® https:/github.com/osswaldo/NGCs/tree/master/Octave/oct-files
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S8. Installation and updates

A video describing the next step is available in the GitHub '° and at YouTube '*> 12,

S8.1. Installation under Microsoft Windows

For Microsoft Windows, an executable installation package can be downloaded directly from the
developer website *. Afterwards the optim package including all needed dependencies can be installed
using “pkg install -forge optim”.

S8.2. Installation under MacOS

For MacOS, no official-maintained installer or bundle is available, but, however, there are some *.app
builds available from the developer 4, for newer versions, an installation guide can be found in the
developer instructions. '

S8.3. Installation under GNU/Linux, BSD and other systems

For all other operating systems like Linux, BSD and distribution independent approaches like Docker it
is impossible to give a brief installation guide due to the high number of different systems. In general,
all guides can be found in the developer instructions. !¢

S8.4. Installation of optim for non-Windows builds

For some operating systems/installations (if pkg install -forge optim fails) the optim package and its
dependencies must be installed manually using console commands. First the optim package and its
dependencies (structs, statistics and io) must be downloaded from sourceforge '’. Second, open Octave
and navigate to the download directory, e.g. “cd C:\Users\<Username>\Downloads®. In the last step,

install optim and its dependencies (order as followed):
pkg install io-<version>.tar.gz

pkg install statistics-<version>.tar.gz

pkg install struct-<version>.tar.gz

pkg install optim-<version> tar.gz

10 hitps://github.com/osswaldo/NGCs/tree/master/Instruction%20Videos

' English: https://www.youtube.com/playlist?list=PLTInYDX5g1FylWfH8cSM_ZQUQpn3dSp6M
12 German: https://www.youtube.com/playlist?list=PLTInYDX5g 1 FwaOQKLXTxrpvHW9CRUwBrk
13 https://www.gnu.org/software/octave/download

4 https://octave-app.org/

13 hitps://wiki.octave.org/Octlave_for MacOS

16 https://wiki.octave.org/Category:Installation and https://wiki.octave.org/Octave for GNU/Linux

17 https://octave.sourceforge.io/packages.php
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S8.5. Links and updates

Due to the number of different programs, extensions and scripts that are used and the resulting update
frequency that can be expected from them, it does not make sense to describe the update process in this
static work. Current links, installation files can be found in the file “Useful links.txt” and scripts can be

found in the GitHub. '

¥ hitps://github.com/osswaldo/NGCs
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S9. Usage of Octave

After loading the refinement script (OctCarb), only a few adjustments are necessary to perform the first

fit. Stepwise, consecutive files for the next steps below can be found in the other SI files. A video

explaining these steps is available in the in the GitHub '° and at YouTube * 2!,

0. Download and install Octave, iObs and the CarbOct (see above).

1.

First, some initial parameters like the sample name, data path, radiation type, wavelength etc.
must be adjusted (Figure S8). Additionally, a meaningful for the parameter nSkip should be set.
nSkip = 5 means, that only every 5™ point will be calculated to make the calculations much
faster, less accurate at the same time. The value should be higher the more measurement points
are available. Also, a constant v must be chosen. For a common XRD measurement using Cu-
K, radiation in a range of 10 ° <26 < 140 °, a value of v = 4 is sufficient for most of the samples

(see Table S2).

As the first real refinement step, the normalization parameters (k, consti, const;) and the
concentrations of foreign atoms (cw, ¢, co, ¢s) should be refined. While the last ones are known
exactly form elemental analysis, the normalization parameters must be refined by hand. For the
automatic adjustment, it can be done only roughly, but for the manual adjustment, it should be
done more exactly. The normalization constants should be adjusted at every of the following

steps.

Manual refinement:

3a. Generally, the manual refinement is divided into 3 parts: refinement of the interlayer structure,

refinement of the intralayer structure and a final step with all parameters including the
normalization. For the interlayer parameters, first # or S can be left constant and only one of it
should be variated. Also, a3 min should not be lower than 3 A, otherwise it will dominate the
whole curve too much, because the set value is no longer physically meaningful. o5 can be used
to refine the broadness of the (002) and (004) reflections and has a high influence on the
damping of the (004) reflection. If the (002) reflection is refined approximately, both 1 and £
should be further refined. It should be noted that the stack height L. ~ (1+1)/8 should no longer
vary too much. In this step, # (homogeneity of the stacks) can be refined by taking the left side
of the (002) reflection and lower values of the modules of the scattering vector/scattering angle
into account. ¢ (preferred orientation) should be left constant in this step, because without a

refinement of the intralayer structure, it is not possible to refine this parameter meaningfully.

19 hitps://github.com/osswaldo/NGCs/tree/master/Instruction%20Videos
20 English: https://www.youtube.com/playlist?list=PLTInYDX5g1FylWfH8cSM_ZQUQpn3dSp6M
21 German: https://www.youtube.com/playlist?list=PLTInYDX5g1 FwaOQKLXTxrpvHW9CRUwBrk
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Figure 5 in the main article shows an exemplary WAXS pattern and a manually adjusted result

that contains the priority of the various regions.

For the most samples, this step is easier to perform than the refinement of the interlayer
parameters due to the lower number of parameters. Since v is chosen as a constant, only a, o1
and /.. must be refined. a influences both, the height and the broadness of the (10) and the (11)
reflection, o1 influences more the (11) reflection. Using l., the exactly position of both
reflections can be refined. For some samples, the preferred orientation ¢ must be refined at this

step.

As the last step for the manual refinement, all microstructural parameters including the
normalization should be adjusted. The exact procedure depends strongly on the sample and can
therefore not be described in general here. In general, the accuracy should focus on the valley
between the (002) and the (10) reflection rather than on the values that lie left to the (002)
reflection. For the (10) and (11) reflections it is important to assure that the ratio of the size and
shape in relation to the background is correct. The (004) reflection needs to be adjusted
precisely, even if it sometimes just becomes like a shoulder. The accuracy of the refinement of
this reflection significantly influences the accuracy of the resulting disorder parameters of the

stack structure (see Figure 5 in the main article).

Automatic refinement:

3b.

4b.

5b.

For the basic automatic refinement, the default values from Table S6 can be used. These values
are in principle mean values from the common range of these values. Of course, if other suitable
start values are known, they should be used (i.e., for measurements from a temperature series).
To start the automatic refinement, the switch plotOnly must be set to false. For some samples
or measurements, the upper and lower bonds for the preferred orientation (¢) must be adjusted

to arange from 0 to 1 (ub3 & 1b3), otherwise, a preferred orientation will not be refined.

As a final refinement step, the parameter #Skip should set to 1. Now, every measured point will
be refined, and the fitting result might improve. As start values, the values from the 3" step (3a
or 3b) should be used. In addition, the calculated error for the microstructure parameters will

become a little bit lower.

As a last step, an additional manual adjustment can be performed. This step is often necessary

for more disordered samples, where the (004) reflection is damped and broad.
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Table S6  Overview about the default starting values for the refinement with Octave.

These values are in principle mean values of the common range of the fitting values and can be regarded as
recommendations. Of course, every additional information like results from an elemental analysis should be used

to choose as best start values as possible. The microstructural parameters are partly calculated from the parameter

for Octave.
Parameter for Octave Value
u 4
p 0.5
a /A 3.5
das/ A 0.4
o3/ A 0.25
us 0
n 1
v 4
o 0.2
Lo/ A 1.412
ol 0.1
q 0
Aan 0
k 500
consty 0
const; 0
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Microstructural parameter Value
Lo/ A=+ 1) a) 25
In/ A (=v/a) 20
Kol A (= 1/v) 0.25
I/ A 1.412
o1 0.1
L/AG=@+ DIB-a3=N-a&) 35
ke !/ A(=1/p) 0.25
a A 3.5
@3min/ A 3.1
o3/ A 0.25
NGE@+1yp=N) 10
u3 0

n 1

q 0

Aan 0
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cno = 0; #concentration of disordered sp3 carbon
cH ; #concentration of hydrogen

cN 0; #Concentration of nitrogen

c0 0; #concentration of oxygen

cs ; #concentration of sulfur

§Name of the series and id of the sample, filename of current used file

global id

filename =

path = 'C

ed "D:/C H

fMeasurement data file

measFile = 'D:/OneDrive/Uni/PhD/F Github '
neutronCorrection = false; #Corrections for Wide-Zngle Neutron Scattering (WANS) experiments.
neutronCorrectionVoigt = false; #Useful for samples containing hydrogen.

fWavelength and type of radiation (0 = X-ray, 1 = neutrons)

wavelength = 1.5418;

radiation =

§Type of x-values: theta, thetaRad, twoTheta, twoThetaRad, scatS, scatQ

type = "tw ;

useQ = false; #Use Additional Deby-Waller-factor

b =0 ; #Deby-Waller-factor Factor

usel = true; f2bsorption correction

density = fDensity of sample in g/cm”3

sampleThickness = fsample thickness in cm

transmission = false; fTransmission geometry (if false, reflection geometry is assumed)
absorptionCorrection = 1; fCorrection factor for absorption coefficient (multiplicator)
usepP = true; fPolarization correction

polarizedBeam = false; Do you use a polarized beam?

polarizationDegree = 0; fPolarization direction of beam in °.

useCorrButoColl = false; #slit-corrsction

par_r = 14; #Radius of the diffractometer (Debye-Scherrer) in cm

par_delta = 4; fDivergence angle in ° (it is converted as if this fixed slit were inside)
par_1 = 5; fIrradiated length in cm

Figure S8 Overview about the basic instrumental parameters, which should be checked and changed

for every different measurement.
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S10. Example refinement

All files described in this section are also available under in the GitHub ?? and in the file “Example

refinement.zip”.

S10.1. Step 0 — initial situation

First, you have to download and install Octave and an iObs file as described below. Depending on your
system, you might have to compile the iObs file by your own. For this case, the Numerical Recipes for
C must be downloaded ?*. Generally, the lines 89 — 134 should be checked for each measurement or
measurement group. In these lines, some parameters like the polarization or absorption as well as
mathematical fit parameters like the function tolerance, upper and lower bounds and the weight can be
tweaked. The initial (downloaded) refinement script (WAXS Fit-Routine-IUCr.m) can be found in the
“Excerpt from Github.zip” file. In general, all other lines from 136 onwards should not be changed. The

final modified script is also shown in S10.11.

S10.2. Step 1 — path and data adjustments

As first steps, v (line 14) must be tweaked. In general, for a common XRD using Copper-radiation (1.54
A), v = 4 is sufficient. If you use another wavelength, you can look at Table S2 to get a suitable value
for v. Additionally, the lines 41 — 87 must be checked. “name” means the name of your sample series
or the current date or whatever you want to choose. The resulting refinements will be saved in this
directory. The “global id” is a unique name for your current sample or step. You can also use a
consecutive number to not override old refinements. “filename” must be the name of the currently used
refinement scripts and can be found on top of the editor. “<path_to_filename>" must be replaced by the
path, where the “filename” AND the iObs.oct file is placed. The iObs.oct file must be in the same
directory as the refinement script. The complete path of your measurement file (x, y without headers)
is stored in the variable “measFile”. If you use neutron scattering or another wavelength, you must
check the lines 54, 57, 60 and 61, otherwise you can skip these lines. If you want to plot only the
coherent or incoherent scattering, you can change the values in the lines 64 and 65. Line 74 (“type”) is
important if you are not using 2 8 in © as x-values. The parameters “nStart”, “nEnd”, “nSkip” and “nUp”
can be used to skip some points at the beginning or the end or to plot only every n® point (“nSkip”). To
prevent negative values of the intensity, you can use “nUp” to add a constant background to move the

WAXS/WANS pattern up.

Regarding the measurement geometry, there are some correction terms, you can use (absorption,
polarization and variable slit, lines 121 — 134). These parameters are set to Bragg-Brentano geometry

using a unpolarized incidence beam and absorption correction for a 3 mm graphite sample. You should

22 hitps://github.com/osswaldo/NGCs/tree/master/Example%20refinement/ WA XS%20Steps
2 hitp://numerical.recipes/com/storefront.html
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check the parameters “density” and “sampleThickness” in lines 122 and 123 and change it to the values

of your samples. It is not necessary to know the exact values, but you should put in the correct tendency.

4000 T T T
A + Data points
: . == Startdata
3000 AR O
N .
z :
2 2000 - .
Q
=
1000 - q
0 L 1 1 I
0 0.2 04 0.6 0.8 1 1.2 14
Scattering vector s / AT
Figure S9

Step 1 - path and data adjustments without any refinements of the normalization or the
microstructure.
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$10.3. Step 2 — manual background

Second, the background must be corrected in order to start to refine the microstructure. “k™ is a
normalization constant depending on the amount of the sample, intensity of the radiation etc. and
“constl” is used a constant offset of the scattering intensity caused by several effects like cosmic
background radiation, incoherent scattering by your sample holder and other general measurement
effects. The concentrations of foreign atoms (in atomic %) of hydrogen, nitrogen, oxygen and sulfur
known from an elemental analysis can be considered in the lines 29 — 32 (parameters “cH”, “cN”, “cO”
and “cS”).

6000 T T T T
« Data points
m— Startdata
5000 - 1
4000 [~ 7
=
7]
c
0]
£
3000 [~ 7
2000 7
1000 1 1 L L 1 Il
0 0.2 04 0.6 0.8 1 1.2 14

Scattering vector s / Al

Figure S10 Step 2 — manual background. Only “k” and “const1” are refined.

35

CIX



CX| 6.4. ANHANG
PUBLIKATIONEN — ANHANGE

$10.4. Step 3a — manual fitting — interlayer

To start the refinement of the microstructure, you should start with the interlayer scattering, but you can
also start with the intralayer scattering (Step 4a). For the interlayer scattering, the parameters “mu”,
“beta”, “a3”, “da3”, “sig3” and “eta” must be refined. In addition, “q” (preferred orientation), “k” and
“const]” must be refined parallel (lines 7 — 22). The important and significant parts of the WAXS data
are shown in Figure 5 in the main article. “mu” and “beta” are parameters to refine the stack height (L.
= (ut1)/p - az) and polydispersity (k. = 1/u), “a3” is the average layer distance (a3), “da3” is the
difference between the average and the minimal layer distance (a3 min = a3 — das), “sig3” the standard

deviation of it (03) and eta means the homogeneity of the stacks ().

4000 T T T
« Data points
= Startdata
3500 b
3000 - 1
=
2]
c
[}
=
2500 - 1
2000 - b
1500 1 1 L L 1 1
0 0.2 04 0.6 0.8 1 1.2 14

Scattering vector s / Al

Figure S11 Step 3a — manual fitting — interlayer. The microstructure parameters for the interlayer
scattering (“mu”, “beta”, “a3”, “da3”, “sig3” and “eta”) and “q” (preferred orientation) as well as “k”

and “const1” were refined.
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S10.5. Step 4a — manual fitting — intralayer

Beside the normalization, the parameters “alpha”, “lcc” and “sigl” (lines 15 — 17) must be refined in
this step. Analogous to the interlayer scattering, “alpha” is used to calculate the average layer extension

(La = (v*+1)/a), I is the average bond length and o, the disorder of the layers (i.e. stress and strain).

4000 T T T T
« Data points
= Startdata
3500 - 9
3000 - T
=
(%]
c
o)
=
2500 [~ T
2000 - 1
1500 L L 1 1 1 L
0 0.2 0.4 0.6 0.8 1 1.2 14

Scattering vector s / Al

Figure S12 Step 4a — manual fitting — interlayer. The microstructure parameters for the intralayer

CLINNTS

scattering (“alpha”, “lcc”, “sigl”) and “g” (preferred orientation) as well as “4” and “constl” were

refined.
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$10.6. Step 5a — manual fitting — all

For the final step of the manual fitting, you should set “nSkip” to 0 (line 84). Afterwards, try to refine
all parameters as described above. You should start with the normalization constants, ¢ and #. As an
alternative, you can use these parameters as new start parameters for step 2. In principle, you should

repeat the steps 2 — 5 multiple times to get a result, which is as good as possible.

4000 T T T
« Data points
= Startdata
3500 - b
3000 - 1
=
[7]
C
Q
=
2500 1
2000 B
1500 1 | 1 L | |
0 0.2 04 0.6 0.8 1 1.2 14

Scattering vector s / AT

Figure S13 Step 5a - manual fitting — all. In this step, all microstructure and normalization parameters

were refined at once.
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S$10.7. Step 3b — automatic fitting — initialization

To make things easier, you do not have to refine the scattering data manually. There is an automatically
fitting routine, which can fit the scattering data and give out the microstructure data. To use this method,
you need to roughly refine the background (step 2) set “plotOnly” to “false” (line 35). Basically, that is
all what you have to do (of course, you have to press the “run” button on top of the Octave GUT). Beside
this, you can set the lower and upper bonds for the different microstructure parameters (89 — 104). This
might be useful, if you have a temperature series and some parameters have to increase or decrease, but

in general, it is not necessary to use it.

4000 T T T
« Data points
— 5
3500 - .
3000 [~ 1
=
(2]
c
9]
=
2500 [~ 1
2000 .
1500 1 1 Il Il Il Il
0 0.2 0.4 0.6 0.8 1 1.2 14

Scattering vector s / Al

Figure S14 Step 3b — result of the automatic refinement. No further refinement must be done.
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$10.8. Step 4b — automatic fitting - fine adjustment

If everything works well, you do not need this step (like in this example). For other samples or
insufficient start values or a too bad refinement of the normalization in step 2, you have to make a
manual refinement after the automatically fit. To do so, change “plotOnly” back to “true” and perform
the steps 3a — 5a. As an alternative, use the resulting parameters as new start parameters and repeat step
3b.

$10.9. Common warnings/errors during the refinement and how to fix them

A list of common etrors and their solutions can be found in the GitHub ** and in the SI under

Octave/README.pdf.

2 htps://github.com/osswaldo/NGCs
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S11. General influence of the amount/noise of data points and start parameters on the fitting

routine

The influence of the number of data points and the noise must be considered in a differentiated manner.
Evidently, data noise should be as low as possible, especially for the parts of low scattering intensities
in a WAXS/WANS curve.

We find that the number of points and the spread of the measurement data influence the time required
for the refinement (Table S4), which is notably also dependent on the computing hardware used. In
general, Octave uses only one core for computing, especially on Microsoft Windows. For Linux
distributions, parallel computing can be performed using OpenBLAS, it is thus sufficient to use a cheap
Raspberry Pi running on Linux. For high-performance computing clusters (HPCs), the option to
perform several refinements simultaneously is a main advantage, which can decrease the refinement
time for one WAXS/WANS data set. For a single refinement, the HPC might not even be faster than a
commonly used desktop computer, since Octave mainly performs computation only with one CPU core.
HPCs are mainly built to perform multiple parallel computations, and they might have slower cores
than other commercially available PCs. On the other hand, HPCs can run 50 or more Octave scripts
(OctCarb instances) at once, so that the overall time requirement is lower for a high number of

samples/data sets.

Another point is the available RAM, which is needed to save and perform the huge matrices calculations
(covariance and correlation matrices). The N x N matrix dimension increases quadratically with the
number of data points (N), thus HPCs are advantageous for data sets with a high number of measured
points (10.000 and above). Another important point is the range of the measured data. For maximum
values of the modules of the scattering vector smax > 4 Al a lot of (k) reflections must be calculated

and saved in between (in the RAM), here HPCs offer a clear benefit.

Last but not least, we found that the start parameters used as input for launching the refinement are not
that relevant with regard to attaining a decent fitting, with the exception of the normalization parameters
k, const, and const, (see eq. (6) from the main article). These scaling parameters need to be refined first,
prior to the microstructure parameters, aiming at a reasonable match between the fit function and the
WAXS/WANS curve with respect to the global scaling. For all parameters, the standard input
parameters from Table S6 can be used for the automatically refinement. Using the automatic refinement,
first a refinement of the normalization parameters is done, and afterwards the physical microstructure
parameters will be refined. Hence, the interlayer and intralayer parameters were refined separately, so
these steps need only a short computation time, due to the only small number of simultaneously refined
parameters. Only the last step, in which all parameters are refined altogether, takes a long time, because
the calculation time is roughly proportional to the square of the number of the number of parameters to

be refined.
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S12. Octave cannot always calculate parameter errors — what to do

The following issue is important for determining the error range of the refinement parameters: In some
cases, Octave is not able to calculate the correlation and covariation matrices correctly, generating
“NaN” as output values for the errors. However, this does not disturb the quality of the fitting, i.e. the
resulting structural parameters themselves are still reasonable. If the errors are, however, relevant, in
such cases there are basically 2 ways to work around the problem, described in the SI this section and
Figure S15. First, the resulting parameters obtained from the fitting can be used as input parameters for
another automatic refinement (variant 1 in Figure S15). This procedure might already allow Octave to
calculate the matrices and therefore the errors correctly. If not, the errors from the intralayer- and
interlayer-refinement (steps 1 and 2 of the refinement script) can be used as errors. Second, the “NaN”
error often occurs for the normalization parameters £ and const;. Hence, the influence of the variation
of these parameters on the resulting scattering curve is negligible (< 0.1 %). Second, another possibility
to avoid the NaN problem and to obtain error bars is to add an additional refinement step after all other
steps, in which all microstructure parameters except for the normalization parameters are refined and
therefore the errors of the parameters are calculated (variant 2 in Figure S15). To do so, some other
changes are necessary and already implemented in the file “WAXS Fit-Routine-IUCr with additional

step all-without-normalization.m”.
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Normalization
Intralyer
Interlayer

Normalization

Normalization
Intralyer
Interlayer

Normalization

1. (C-C bond length)

All parameters

1., (C-C bond length)

All parameters

/. (C-C bond length)

All parameters

Error bars for all parameters

Result is used as input para-
meters for new refinement

Normalization

Intralyer

(gives error bars for intralayer)

Interlayer

Normalization

I, (C-C bond length)
(gives error bar for /)

All parameters, but with
constant normalization

Error bars for all parameters,
but not for normalization

Figure S15 Schematic representation for calculating the error bars for the refined parameters. If the

automatic fit cannot calculate the errors, there are basically 2 options for how to proceed: Variant 1 can

be used with the existing script. The result of the fit is used there as input parameters for a new fit. In

this new fit, the error from the individual steps for the intralayer and interlayer parameters can be

determined individually. For mathematical reasons, the error here is generally higher than if all

parameters were calculated at the same time. Variant 2 describes the procedure with a modified script.

In this case, after the automatic fit, a fit of intra- and interlayer parameters is performed while the now

known normalization parameters are kept constant. This allows the error bars to be calculated, but it is

possible that the structure parameters will change very slightly as a result.
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S13. Whole refinement script (OctCarb)

The final refinement scripts (OctCarb), which can used with Octave are in the SI in the directory
“Example refinement”. In principle, the file “WAXS Fit-Routine-IUCr.m” should be used to perform
the whole refinement. In some cases, it might happen, that the errors of the refined parameters cannot
be calculated (see S11). This is often caused by the refinement of the normalization parameters (which
one could not be determined so far). In this case and if the error values of the refined parameters needed
to be known (and only in this case), the file “WAXS Fit-Routine-IUCr with additional step all-without-
normalization.m” should be used. Hence, an additional refinement step including the intralayer and
interlayer but without the normalization parameters will be performed. This will reduce a bit the quality

of the whole fit, but Octave will calculate the parameter errors correctly.
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S14. Incoherent scattering and correction terms for WAXS

Iincon 1s modified by different specific correlation factors for primary/secondary monochromatizating,
e.g. Ous (specific absorption of Compton scattering), Q (secondary-monochromator) and the Breit-

Dirac recoil factor. However, equation (15) is only valid for X-ray radiation and not for neutrons:
[incoh,c: [com,c - recoil - Qabs . Q (] 5)

The influence of the different correction terms for incoherent x-ray scattering of NGCs is described in
Figure S16. Further details about the incoherent scattering can be found in following parts. For WANS,
in principle a similar equation like eq. (3) of the main article holds true, but it is not meaningful to
calculate the inelastic scattering in an analytical way due to possible nuclear absorption resonance and
possible similar values of the energy exchange and the incident energy. In essence, the possibly huge
non-linear background of hydrogen, even present for small hydrogen contents of NGC, cannot be
evaluated analytically. Hence, we treat WANS data in a different way, namely by fitting the incoherent
background either by a polynomial or a Pseudo-Voigt function, depending on the amount of hydrogen
in the sample as described in the works of Placzek [1] and Fischer et al. [2] as shown in S19. Thus, the
pristine WANS data are corrected by subtraction of fincon,c from the pristine WANS data prior to further
evaluation, i.e. fincoh, ¢ 1S Not evaluated simultaneously together with the structural parameters, as

performed for WAXS analysis.

Besides this description of the scattering of carbon, the scattering of foreign atoms (currently only H,
N, O, S) can be considered if present in the sample. Since these foreign atoms cause an incoherent
background, the following equations (16) and (17) are only valid for WAXS and not for WANS data.
For the foreign atoms, the scattering intensity is given by (X =H, N, O, S)

[e.u., X= Icoh, xt Iincoh, X =](2X + Icom, X reCOil : Qabs (16)

In this case, the intensity /... x for every element is weighted by its concentration (cg, co, ¢, ¢s and cc

=1—cu—co— cx—cs). Therefore, the overall resulting scattering of all atoms /.., is calculated by
Lew. =cc- Ie.u.,c +on- ]e.u., HToN-: Ie.u., NTCo- Ie.u.,O +cs - [e.u.. S (17)

A detailed description about the calculation of the scattering intensity of the foreign atoms as well as

the calculation of the atomic form factors including fits is given in S17.

S14.1. Compton scattering

The theoretical data for the atomic form factor of carbon is given in Milberg and Brailsford [3] for s <
1.4 A! (which is also used in Pfaff et al. [4]). A more detailed description is in Keating and Vineyard
4
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[5]. For s > 1.4 A" the data from Prince et al. [6] is used. Using a spline interpolation (5 parts, 3" order

polynomial), the intensity of Compton scattering of carbon is given by

Icom,c (5)

—33.525- 53 +26.296 - 52 + 2.160 - s — 0.025,0 < s < 0.4
11.179 - (s — 0.4)® — 13.935 - (s — 0.4)? + 7.104 - (s — 0.4) — 2.901,0.4 < s < 0.8 (18)
=14 0222-(s—0.4)>—-0.520 (s —0.4)2 +1.322- (s — 0.4) + 4.228,08 < s < 1.2
0.013- (s —0.4)3 —0.254- (s — 0.4)> + 1.013 - (s — 0.4) + 4.688,1.2 < s < 1.8
0.023 - (s —0.4)3 —0.230- (s — 0.4)> + 0.722 - (s — 0.4) + 5.207,1.8 < s < 4

S14.2. Breit-Dirac correction

The correction factor for the recoil effect as used in Ruland [7] and described in Pfaff et al. [4] is given

by using the Breit-Dirac equation intensity of Compton scattering of carbon is given by

1
recoil = 1 (19)
1+ 0.0485262 - 4, "z s2

which can be reached using James [8] (20) and the Bragg’s law (21) and the physical constants

B=1+ (20)

2-h-2 _ (sin(@))z

m-c Am

Aa=2-d - sin(6) 1)

Am = Wavelength in m

Aa = Wavelength in A

B = Total scattered radiation (recoil = B?)

h = Planck constant (6.62607015 - 1037 J s) !

¢ = Speed of Light (299792458 - 1077 m/s) 2

m = Mass of electron (9.1093837015(28) - 103 kg) *
d = Lattice distance in A (d = 1/s)

! https://physics.nist.gov/cgi-bin/cuu/Value?me
2 https://physics.nist.gov/cgi-bin/cuu/Value?c
3 https://physics.nist.gov/cgi-bin/cuu/Value?h
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S14.3. Absorption correction

The absorption correction of the incoherent scattering of the sample is given in Ruland [7] as
3-h ) )
Qabs =1+ T (sin(8)) (22)

and can be transformed into [4]

1

Qaps = 23
1+0.0485262'/1A-%-SZ 23)

S14.3.1. Secondary monochromator correction

While the recoil and absorption correction must be considered for each measurement, a secondary

monochromator and the corresponding correction is optional. It is given by Ruland [9] as

1

Q=( AA).(l_i_ 2 24)

- - 2
1+3 CET)L MC)

(b = pass-band). For carbon 44 and 4A¢ can be calculated using the following expressions

AZ
A= ?A -5+ Aq(s) (25)
2
s
4q(s) = AGmax a2 + 52 (26)

For graphite: Aqpax = 3.05,2=0.53
2-h
Mg =——(sin(6))> —D - 2% (27)
m-c

In this case, c is the velocity of light given in astronomical unit (¢ = 137) and D = 1.5 - 10~ for carbon.
Since this equation is only valid for high Compton energies, it must be corrected for low energies,
especially for copper radiation, where the 4. would be negative for 8 <23 °. It can be assumed, that D
correlates with A¢g(s) for low energies. In this way, an additional term like equation (26) can be used to

consider this effect. Finally, the correction term for the secondary monochromator is [4]:
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1
Q= .
X% -s (3.05-52> 2 (0.0485262 T 1.5-10-3-,12-s4>
’ 2 2 \T 4 AA T T (05322 & <2)2
L4137 02)53 +57) ) | 14 Z (0.532 1 52) (28)

2 Z
Aa -s.( 3.05 - s? )+b
137 0.532 + s?

® | - Compton scattering (theoretical)
2 - Compton scattering (fit)

— 3 - recoil

—4- 0, (specific absorption)

—— 5 - O (secondary monochromator)

Incoherent scattering intensity

oL 71T T T T T
0.0 0.1 0.2 0.3 04 05 0.6 07 08 0.9 1.0 1.1 1.2

s/ AT

Figure S17 Theoretical (1) intensity and spline interpolation (2) of the Compton scattering of carbon.
This scattering must be corrected with the Breit-Dirac recoil factor (recoil) and the specific absorption

(Qavs)- In addition, the absorption of a possible secondary monochromator can also be considered (Q).
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S15. Implementation of v

The last difference in the code used in this study compared to Pfaff et al. [4] is the implementation of
v, which together with a serves for modelling the intralayer scattering finra. Since this is a very special
feature, it is not handled in the main text, but in the SI in part ... v is used to calculate a polydispersity

parameter for the chord-length distribution of the graphene layers (k).

In Ruland and Smarsly’s model [10], the correlation function Pi(r) of the intralayer scattering is

calculated as a gamma function /" with the parameters v and o

P(r) [T+, ar) - arT' (v, ar)] 29)

1
- TO+D

I1(x) is the complete, and 7{a, x) the incomplete gamma function. v and « are related to the layer size

(La) and its polydispersity (x.) as follows:

L.=(v+1)a (30)

Ka= 1y 31)

Thus, both parameters v and a are needed to calculate the resulting intralayer parameters by this

approach. Equation (32) is used to calculate the shape profile of the intralayer reflections (Jix):

@0

J Py (r)JyQarsy) exp(2nirs) dr (32)
0

1
Jhk(S) = ; Im

It should be noted that equation (32) does NOT include the disorder of the layers. su is the position of
the &k reflection, which should be calculated and J, the Bessel function of the first kind of order zero.
We found that a numerical calculation of Jik by eq. (32) takes inacceptable time. Since equation (32)
cannot be solved analytically for real values of v, but for whole numbers, v is set to a fixed whole

number for one particular fit in our approach.

Since v generally has also only a very small influence on the resulting WAXS pattern for the same layer
sizes (Figure S17), it is not meaningful to refine this parameter. Note that we had already proposed in a
previous study (Faber et al. [11]) that the value of x, (v) cannot be reliably determined. We found the
average layer extension (L) is predominantly determined by «, and the disorder of the layers (1) has a
much higher influence on the profile shape than v. Hence, setting v constant does not compromise the

accuracy of the refinement and the physical assumptions in the model at the same time.

The parameter is now rather used as empirical limit for the number of (k) reflections to be calculated

and based on eq. (32) indirectly specify an upper limit for the polydispersity:
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k<h<vand B>+ h - k+k* < (v+1)? (33)

Ka<1/v (34)

This implementation and the relationships (33) and (34) have no direct physical basis, rather it is a
practical implementation for a better software-handling based on empirical knowledge. Yet, this
procedure is also justified with respect to the NGC structure, as a high amount of observable (/k)
reflections means a small layer disorder (x.) and therefore a high value of v. More details about the

implementation and calculation times for different values of v can be found in the SI file under S2.

- Practical implementation of v for calculating 7,

ntra v=1
v=2
v=3
v=4
= v=>5
g v==0
~
~ =
o v=28
g v=9
Q v=10
£
on
g
S
o
S
Q
195
—

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

s/ Al

Figure S18 Influence of v on a typical WAXS scattering pattern. v is one of the two parameters used
for defined a chord-length distribution of the graphene layers, according to [10]. Since this parameter
influences only the intralayer scattering, the (002) and (004) reflections are not affected. The
calculations are done for a constant L, = 30 A. Hence, it is seen that v only minor affects the shape of

“classic” scattering patterns of NGCs. It is thus sufficient to use a fixed value of v in the fitting routine.
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S16. General intensity correction terms

S16.1. General remarks

The following correction terms are dependent on the sample and the measurement geometry. There is
no generally applicable guideline which corrections must be used and which not. All correction terms
except the experimental broadening widening are implemented in OctCarb and can be optionally used.
Overall, the correction for the fixed irradiated length (if used), the polarization and the Polarization
correction must be used for every measurement, but note that these corrections might already be
performed by the measurement software of the device. gFact is a general scaling correction term and is
not directly related to a physical phenomenon, so it should be used in the refinement only, if refining
the structural parameters does not result in a reasonable fitting. The absorption correction can be used,
but in many of the cases studied, the correction is comparably small in its effect on the refinement. Only
for very thin samples in reflection geometry using X-ray radiation, e.g. for thin film measurement, the

absorption correction has a significant to the measured intensity.

S16.2. Experimental device broadening

For the instrumental broadening, no generally applicable procedure can be given. The best way is to
measure the instrumental broadening using a reference sample and then to correct the measured data
before refining it. However, there are some approaches for such data correction, which are explained in
the SI file of Pfaff et al. [4]. However, the influence of the device broadening is only very small for
materials with broad reflections, i.e. for quite disordered carbons (see Figure S18). The black dots are
a typical (002) reflection profile, which can be roughly fitted through a Gaussian profile (red, standard
deviation is 0.01 A™"). For a XRD instrument with a medium resolution of ca. 100 nm (domain size),
which means a standard deviation of 0.0007413 A-' for an integral width of 0.001 A-!, the resulting
reflection broadening is shown in the blue line. The resulting corrected gauss profile of the (002)
reflection is included as green line. The difference is evidently small and therefore, the device

broadening can be ignored for most of the cases.

10
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- 0 Measured data

Gauss-fit of measured data
Ora = 0.01 A”!

Gauss-fit of device
broadening

Covice = 0.00074 A™!

Gauss-curve with o, =

sum

Oata T Oevice = 0.01074 Al

Intensity 7/ arb. u.

= Odevice + Odata

Figure S19 Overview of the influence of the device broadening effect. The (002) reflection is so wide

that the device broadening does not have to be considered.

$16.3. AutoColl

The correction term AutoColl can convert scattering data from Bragg-Brentano geometry at the
scattering angle @ using a fixed irradiated length to a fixed slit geometry with the divergence angle 0.

The goniometer radius » and the irradiated length / must have the same dimension [4].

7 sin(6) - sin*(6)
- (sin?@) -sin® (3)) (35)

AutoColl =

11
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$16.4. gFact

gFact can be used to perform an exponential damping or increasing of the overall scattering curve due
to scattering effects which we have not considered so far, e.g. for a possible influence of a small-angle
X-ray/neutron (SAXS/WANS) intensity contribution at low s values choosing a meaningful parameter
g [4]. Since it docs not have any physical meaning, the factor should only be used for special reasons

and not by default.

gFact =exp(g - s) (36)

$16.5. Lorentz-factor

The Lorentz factor as described in [12,13] is considered in the model of Ruland and Smarsly [10] and
therefore, there is no need to consider a further Lorentz factor as an additional correction term.

$16.6. Polarization

In general, the polarization correction can only be used for X-rays, but not for neutron radiation due to
the different orientated electron orbitals. For a polarized radiation source with the polarization direction

@, the following equation can be used [14]:

P(0, @)= 1 —sin*(20) cos*(D) 37
For a non-polarized radiation, the polarization factor can be calculated using the average of @ from 0
to 2w [4,14]:

2
P(9)=2—1n f P(6, ®) dd = %(H cos? (26)) (38)
0

S16.7. Absorption

For the absorption correction, both, the measurement geometry as well as the type of radiation (X-ray
or neutrons) must be considered. The most common cases for wide-angle powder scattering are the
reflection geometry for X-rays and transmission geometry for neutrons and therefore, this will be
discussed here. The discussion and formulars are based on scripts from W. Ruland (1995) and the work

of Sivia [14].

12
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S16.7.1. Absorption coefficients

For X-ray radiation, yp is the mass attenuation coefficient, which can be fitted using the data from [15]:
flap = A30890 L 1QLOSL . (39)
p is the density of the sample in g/cm?. For neutron radiation, the absorption coefficient is given by
HUab =1 * Oabs (40)
n is the number of atoms per unit cell:
n=p-Na/m=p-6.02214076-103/12.011 cm’/g (41)

oabs can be calculated using the wave vector w (in A!) and the incoherent neutron cross scction gip:

Oabs = 4n/w - Oinc (42)

w =27/l 43)

For carbon, ine = 0.001 - 102* cm?® [16]. Per definition, abs is measured and tabulated for neutrons with
avelocity of v=2200 m/s, i.e. a wavelength of 2 = 1.8 A, but in most of the cases, o must be calculated

for the used wavelength.

$16.7.2. Reflection geometry

For reflection geometry, i.e. Bragg-Brentano geometry, the case of an infinitely thick sample with a
thickness smaller than the maximum depth of penetration of X-ray radiation in a carbon sample can be
used. The covered track of the X-ray radiation in the sample with a thickness d in cm is not constant.

Therefore, also the absorption correction is not constant:

1 S2ed
100, py, d) =10(6) - T, < 1-exp (W) (44)

13
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$16.7.3. Transmission geometry

The average way of a neutron through a cylindric sample is not the diameter but smaller, so it must be

calculated. For a beam bigger than the sample diameter, die average length is

e fod\/dz -4 dy o

(45)
d e

where Vd? — 4x2 is the chord length of a circle with the diameter d with a distance x to the center.

For a beam smaller than the diameter of the cylindric sample (a < d), the average length is

a a
5 av—a? + d? 4+ d?ArcTan [7]
fOZ & - 4x2 dx: V—aZ + dz (46)

a 2a

2

In Octave, only the mainly used first case is considered, so if you want to use an endless beam width

smaller than the diameter, you have to calculate the resulting irradiated length by your own using

d:il 47)

The resulting absorption can be calculated by

l -
1(0’ /uah’ l) = [0(0) : COS(G) ) eXp <C05’;l;t)’> (48)

14

CXXXIV



6.4. ANHANG | CXXXV
PUBLIKATIONEN — ANHANGE

S17. Atomic form factors

In general, the atomic form factor can be calculated solving the Schrodinger equation or relativistic
wavefunction for heavier atoms than hydrogen. As this is procedure very complex and time-consuming
to calculate, these values have already been calculated and tabulated [6]. In addition, the atomic form

factors can be fitted using

4

F) =) aiexp (b s?) +c (49)

i=1

s = modules of the scattering vector (in A)

Since this equation diverges to ¢ instead to 0, Fox et al. [17] proofed the following formular as more

accurate for higher values of s, which correspondences to relativistic Hartree-Fock wavefunctions:

3 .
£(s) = exp (Z a-(3) ) (50)

S17.1. Atomic form factor of carbon

Regarding equation (49) and (50) and Prince et al. [6], the atomic form factor of carbon is given by

2.31 - exp(—20.84339 - s2) + 1.02 - exp(—10.2075 - s2)

£ (s) = +1.5886 - exp(0.5687 - s2) + 0.865 - exp(—51.6512 - s2) + 0.2156,5 < 3.74 1)
cperp 17056 — 1.5676. 5 N 1.1893 (5)2 0.42715 (5)3
exp (1. ' 27710 \2 100 \2/) %€

This equation is a little bit different to Pfaff et al. [4] because of the introduction of the 4™ exponential

term and the correction for high s-values, which make the fit a little bit more accurate

15
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S17.1.1. Anisotropy

For the anisotropy of the atomic form factor, i.e. the anisotropy in the interlayer scattering caused of
the parallel stacking of the graphene layers, the parameter Aq, is used. While the parameter itself is
physically meaningful, the implementation is done only in an empirical mathematical way. Therefore
and because of the generally small influence, it is recommended to fix this parameter to 0. However,

the resulting atomic form factor for the parallel graphene sheets can be calculated through:

2.31- exp(—(20.84339 + 4,,) - 52) + 1.02 - exp(—10.2075 - 2)
+1.5886 - exp(0.5687 - s2) + 0.865 - exp(—51.6512 - s2) + 0.2156,s < 3.74 (52)

epara (5) = s 11893 ;s\2 042715 /513
exp (1.7056 — 1.5676 - >+ —— (E) _W(i)' se
6 .
B Theoretical
Fit
Anisotropy

Atomic form factor
w
1

O ' I ! I i I ' I i I I ! I i I ' I i I ! 1

—
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
s/ A"

Figure S20 Theoretical and fitted atomic form factor and the influence of the anisotropy (4a, = 25).
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S17.2. Atomic form factor of foreign atoms (H, N, O, S)

The atomic form factor of hydrogen, nitrogen, oxygen and sulfur can be calculated like the atomic form

factor of carbon. All data is taken from Prince et al. [6].

S$17.2.1. Hydrogen

fc,perp (5)
0.493002 - exp(—10.5109 - 52) + 0.322912 - exp(—26.1257 - 5?) (53)
=1{40.140191 - exp(3.14236 - 52) + 0.04081 - exp(—57.7997 - s) + 0.003038,s < 3.81
0, else

S17.2.2. Nitrogen

fc,perp (s)
12.2126 - exp(—0.0057 - 52) + 3.1322 - exp(—9.8933 - 52)

_ ] +2.0125 - exp(28.9975 - 5%) + 1.1663 - exp(—0.5826 - s2) — 11.529,5 < 3.88 4
1.5494 1.2019 S n 0.51064 (5)2 0.2472 (5)3
exp (1. : 2710 \2 100 \2/ %€
$17.2.3. Oxygen
3.0485 - exp(—13.2771 - s?) + 2.2868 - exp(—5.7011 - s?)
+15463 - exp(0.3239 - 52) + 0.867 - exp(~32.9089 - s?) + 0.2508,5 <379 55,
2

Jepern (92 i 13053 — 0.83742 - 5 4 —%16738 (S) L 0475 (5)3 |
exp (1. ' 2 10 \2 100 \2/ *&%°

S17.2.4. Sulfur

6.9053 - exp(—1.4679 - s2) + 5.2034 - exp(—22.2151 - s2)
+14379 - exp(0.2536 - %) + 1.5863 - exp(~56.172 - 5%) +0.2156,5 <586 5

Jeperp () = 104 — 0403055+ 020094 (5)2 , 026058 (5)3
exp (1. ' 2 10 \2 100 \2/ '©%¢
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Figure S21 Theoretical and fitted atomic form factors of carbon and the most common (hydrogen,

nitrogen, oxygen, sulfur).

S17.3. Atomic form factor for neutron scattering

For wide-angle neutron scattering (WANS), the atomic form factor is directly related to the coherent

nuclear scattering length beon [14]:
fA, 8) =-beon (57)

For bcon, the values are tabulated in Table S7 [18] and online available under [16]. The scattering length

densities required for the purpose here are taken from the NIST center.
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Table S7  Coherent nuclear scattering lengths for C, H, N, O, S. The values are mean values from

the natural isotopes.

Atom Coherent scattering length / fm
C 6.6460

H -3.7390

N 9.36

(¢} 5.803

S 2.847

19

CXXXIX



CXL| 6.4. ANHANG
PUBLIKATIONEN — ANHANGE

S18. Incoherent scattering — theoretical and calculated data

Analogous to S14, the Compton scattering for carbon and the foreign atoms (hydrogen, nitrogen,
oxygen, sulfur) can be fitted through spline interpolation. Since the commonly lowest used wavelength
is 1=0.72 A (Mo K-a) and therefore, the maximum scattering vector is about s = 2.75 A", the tabulated
theoretical values for the Compton scattering up to s =4 A™! are more than sufficient [6] for atoms with
only a few amount of electrons (C, H, N, O). For sulfur, the data from Cromer [19] up to s = 16 A™!

were used to get more accurate data for possible synchrotron measurements.

S18.1. Carbon

Leom,e(S)

—33.525 - 5% +26.296 - 52 +2.160 - s — 0.025,0 < 5 < 0.4
11.179 - (s — 0.4)% — 13.935 - (s — 0.4)2 + 7.104 - (s — 0.4) — 2.901,0.4 < s < 0.8
0.222- (s — 0.8)3 —0.520 - (s — 0.8)2 + 1.322 - (s — 0.8) + 4228,08 <s< 1.2 (58
0.013- (s —1.2)> — 0.254- (s — 1.2)? + 1.013 - (s — 1.2) + 4.688,1.2 <s < 1.8
0.023- (s —1.8)*—-0230 (s —1.8)>+0.722- (s — 1.8) + 5.207,1.8 < s <5
6,5<s

S18.2. Hydrogen

Icom,H (S)

—8.009 - 53 + 5.645 - 52 + 0.925 5,0 < s < 0.4
3.378 - (s — 0.4)3 — 3.966 - (s — 0.4)% + 1.596 - (s — 0.4) + 0.760,0.4 < s < 0.8
= {-0.202- (s — 0.8)3 + 0.088 - (s — 0.8)% + 0.045 - (s — 0.8) + 0.980,0.8 < s < 1.2

0.217 - (s — 1.2)* = 0.155- (s — 1.2)2 + 0.018 - (s —1.2) + 0.999,1.2 < s < 1.8
1,1.8<s

(59)

S18.3. Nitrogen

Leomn(S)

—31.81-5% +764.875 5% +1.124-5,0 <5 < 0.4
5.846 - (s — 0.4)° — 10.409 - (s — 0.4)%2 + 8.066 - (s — 0.4) + 2.856,0.4 < s < 0.8
2.573- (s — 0.8)> —3.393 - (s — 0.8)? + 2.545 - (s — 0.8) + 4.791,0.8 < s < 1.2 (60)
0.055- (s —1.2)3 = 0.305- (s — 1.2)> + 1.066 - (s — 1.2) + 5.431,1.2 < s < 1.8

0.020 - (s — 1.8)* — 0.206 - (s — 1.8)> + 0.759 - (s — 1.8) + 5.972,1.8 < s < 5.5
7,5.5<s
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S18.4. Oxygen

Icom,o(s)
—30.697 - s3 +29.263 - 52 + 0.183 - s — 0.002,0 < s < 0.4
2.011- (s — 0.4)3 — 7.570 - (s — 0.4)2 + 8.860 - (s — 0.4) + 2.789,0.4 < 5 < 0.8
3.591- (s — 0.8)3 = 5.157 - (s — 0.8)2 + 3.769 - (s — 0.8) + 5.251,0.8 < s < 1.2 (61)
0379 (s — 1.2)3 — 0.849 - (s — 1.2)2 + 1.367 - (s — 1.2) + 6.163,12 <s < 1.8

0.013-(s —1.8)> - 0.166 - (s — 1.8)> + 0.759 - (s — 1.8) + 6.960,1.8 < s < 6
8,6 <s

S18.5. Sulfur

I com,S (3 )

—47.563 - 5% +37.813 - s2 + 5.116 - s — 0.058,0 < 5 < 0.4
16.192 - (s — 0.4)3 — 19.262 - (s — 0.4)2 + 12.536 - (s — 0.4) + 4.963,0.4 < s < 0.8
—1.502- (s — 0.8)* + 0.168 - (s — 0.8)* + 4.898 - (s — 0.8) + 7.989,08 <s S 12 ()
=14 0355-(s—1.2)%—0.168-(s—1.2)2+4311- (s —1.2) +9.853,12 <s < 1.8
0.143 - (s — 1.8)3 — 0.996 - (s — 1.8)2 + 2.733 - (s — 1.8) + 11.928,1.8 < s < 4

0.00186 - (s — 4)3 — 0.04921 - (s — 4)2 + 43412 - (s — 4) + 14.64861,4 < s < 16
L 16,16 < s
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Figure S22 Theoretical and fitted Compton scattering intensity of carbon and the most common

foreign atoms (hydrogen, nitrogen, oxygen, sulfur).

S18.6. Incoherent neutron scattering

For the incoherent, i.e. the inelastic scattering, of neutrons with the nucleus, is related to the spin of the
nucleus [14]. For 'H (i.e. a proton), the scattering lengths for the triplet and singlet states are ' = 10.85
fm and b” = -4.750 fm, respectively. Therefore, a hydrogen nucleus has an average scattering length of

3 1
(b) = Zb* + Zb‘ =-3.738 fm (63)

The standard, i.e. the root mean square, deviation Ab of it is the so-called incoherent scattering length:
bine = Ab = W) - (b)? =25.266 fim (64)

using
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3 . 1
()= 707y + 7 () = 652.354 fim (65)
The value measured in [18] are close similar to the value calculated above and therefore, they can be

used for the present calculations. The data in Table S9 is also available in [16].

Table S8  Incoherent nuclear scattering lengths for C, H, N, O, S. The values are mean values from

the natural isotopes.

Atom Incoherent scattering length / fm
C -0.00572

H 25.271

N 1.99

(0] 0.000068

S 0.011

For the calculation of the incoherent scattering, a superposition of the coherent and incoherent scattering

lengths is assumed:
Iincoh. x—CX* (bcoh + binc)2 (66)

for X=C,H,N, O, S

However, since these values are constants, it is not necessary to use exact values of the concentrations
or the scattering lengths. Furthermore, it is possible to set fixcon to 0 since a constant offset is applied
and refined using the normalization constants in equation (6). Nevertheless, this approach of a constant
background is only applicable for an energy exchange, s, is NOT comparable to the incidence Ej,
otherwise, the self-scattering will “fall off” with an increasing value of s and a non-constant correction
is necessary. Additionally, neutron absorption resonances can lead to a non-constant background [2].
For these reasons, there are different models for taking these into account [1,20]. The finally used

corrections are described in the following chapter.
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S19. Background correction for wide-angle neutron scattering

As described in the chapter before, the case of constant inelastic scattering is only applicable, there as
the %, is comparable to the incidence Ey. Especially for hydrogen ('H, i.e. a proton), the a huge
damping of the incoherent scattering is measured, whereas for ''*Cd there are strong neutron absorption

resonance effects in the commonly used wavelength, range around 0.5 to 1 A [2].

Overall, the measured data is “fitted” over the whole g range (NOT &) using two different equations.
The resulting data oscillates around 1 for high values of ¢, so in principle S(¢g) data, which can also be

used for a pair-distribution-function calculation, is generated (without a correct normalization) [21,22].

For samples containing significant amounts of hydrogen ('H), either deuterium (*H) must be used or a
pseudo-Voigt function, i.e. a linear combination of a Gaussian and a Lorentzian function with equal
full-with at half-maximum (FWHM) values, must be applied (equation (67)). For all other cases, a
correction using the method of the Placzek falloff, i.e. a quadratic equation with only even powers is

sufficient [1,2] (equation (68)).

S(q) = Lovs(q@) — k- (- L(g, ®) + (1 —1) - G(g, w)) + 1 (67)
S(q) = lovs(q) —(a - q* + b) + 1 (68)
1
L(g, w) = ﬁ (69)
1+(%)
G(q,w) = exp_ln(z)' (%)2 = 2_(%)2 (70)

Iops = observed (measured) intensity
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Figure S23 Example for a background correction of WANS data using the method from sufficient

[1,2] (equation (68)). Black: measured data. Red: Assumed background. Blue: Corrected data.
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S1. Data treatment and background correction

S1.1. Refinement by Ruland and Smarsly’s algorithm

In principle, the theoretical scattering intensity of the material (/...) is a superposition of the coherent
scattering (/.on) and the incoherent scattering (/incoh), Where the coherent scattering can be calculated by
the interlayer and intralayer scattering intensity (finter and finwa, r€spectively) and the atomic form-factor

of carbon (f):
Ie.u. = Icoh + Iincoh (l)
Icoh, ¢ =ﬁ2 . (Iimer + [intra) (2)

Beside these structural influences, the calculated theoretical intensity without any experimental

influences (/cac) can be calculated by:
]ca]c = k “A4-P- ]e,u. (3)

Hence, £ is a normalization constant, which is needed through the different intensities of the incoming
radiation and the amount of irradiated material, 4 is the absorption parameter and P describes the
polarization. The Lorentz factor is already considered in the calculation of the coherent scattering
intensity and therefore, this parameter does not have to and must not be considered further. Additional

information of these correction parameters can be found the work of Osswald and Smarsly [1].

However, a factor considering a fixed irradiated length instead a fixed divergence slit (AutoColl), an
exponential damping factor (gFact) for taking the possibility of a small angle scattering contribution at
low scattering vector values as well as two constants (consti, const,) for considering a linear and a non-

linear background, can be used to obtain the full observed intensity (Zobs):
Lobs = 10" [logio((1/AutoColl) - gFact - k + A + P+ (Icoh T Lincon)) + const) + const,) (4)

Since the parameters AutoColl, A, P, I.sn and [incon are clearly and unique to calculate and use, in this
study, the parameters k, gFact, const; and const. are from more interest. Hence, £ is just a normalization
constant, which must be used every time due to the different intensity of the incoming radiation and the
different amounts and densities of the used samples. The parameter const, causes a constant shift of the
whole scattering curve, which is caused by cosmical background radiation, incoherent scattering,
sample holder or other general influences during the experiment. const, describes a non-linear
background, which may be caused by the incoherent scattering due to the incoherent cross section of

the atoms. Further information about these parameters and their influence is given in the next section.
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S1.2. Background correction

The previous described background correction is very simple and cannot cover the entire background
in WANS measurements. Instead, the models of Placzek [2] or Fischer et al. [3] should be used, where
the background scattering can be calculated by fitted by a cubic polynomial or a Pseudo-Voigt function
with the normalization constant k, the proportion of the Lorentzian/Gaussian function # and the half

with at full maximum (FWHM) 2w (equation (5) and (6), respectively):

S(s) = Tows(s) — (@ - £+ b) + 1 )
S(s) = ITows(s) =k - (7 - L(s, @) + (1 — ) - G(s, w)) + 1 (6)
1
L(s,0) =——= ™
s
1+(3)
6(s,0) = exp @ () = 2-() ®)

Hence, equation (8) should be used for samples containing only a very small of hydrogen, otherwise
equation (8) should be used. In Figure S1, the background correction for PF-R 1000 and PF-R 1500 is
shown. Since PF-R 1000 consists of a very high amount of hydrogen and therefore, a Pseudo-Voigt
background correction is necessary. On the other hand, PF-R 1500 consists of less hydrogen and
therefore, the difference is much smaller and for higher heat-treated samples, a Placzek instead of
Pseudo-Voigt correction is sufficient. For a hydrogen amount > 0.3 wt. %, a Pseudo-Voigt function
should be used to determine the background (Figure S1). For all other samples, a Placzek correction is
sufficient. More detailed information about the background correction can be found in the work of

Osswald & Smarsly [1].

Using equation (4), the influences of the different parameters can be determined easily. Now, the
measured scattering intensity can be turned into a theoretical calculated intensity, which corresponds to
the model of Ruland and Smarsly [4]. Hence, £ is just a normalization constant, which must be used
every time due to the different intensity of the incoming radiation and the different amounts and
densities of the used samples. The parameter const, causes a constant shift of the whole scattering curve,
which is caused by cosmical background radiation, incoherent scattering, sample holder or other general
influences during the experiment. For the parameter const., it must be differentiated into two cases: If

const; = 0, then const is nothing else than the normalization constant with const. = -log(k).

Additionally, also the parameter gFact = exp(g s) is not that easily to understand. In principle, this
parameter should describe a possible influence of a small-angle scattering intensity on the WAXS or
WANS data [5]. However, this intensity falls with Porod’s law (I ~ P/s*) and the influence of the

fluctuation of the graphene sheets in the stacking structure (/ ~ By/s®) and overall, the damping of can
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be described as a superposition of them as described in the works of Porod, Ruland, Smarsly and
coworkers [6—8]. Since, both influences are only small in bulk materials, it can be described by the
factor gFact well as already done in the references [9—11]. Additionally, the theoretical calculated
scattering intensity assumes a hexagonal layer structure, which might not be the case for very disordered
structures. Also, resin as precursor results in a porous structure [9,12], which can also interpretated as
a degree of disorder in the stacking structure. These different types of additionally disorders causes

some damping of the intensity, where the damping is higher at higher values of s.

To proof these assumptions, data refinements using gFact and const, and refinements fixing them to 0
were performed. Overall, there is a significant difference in the refinements for the samples PF-R
1000/1200/1500/1800/2100 and MP 1200/1500, respectively, for all other samples, the values are
generally nearly identical. Additionally, the resulting refinements for the refinements g = O/const, =
fitted and g = 0/const, = 0 are also very similar, only for g # 0, there is a significant difference (Figure
S2). This behavior is directly related to the amount of hydrogen of the sample (Figure 12, Table S2). It
seems, that the amount of hydrogen has a direct or indirect influence on the resulting microstructure

parameters, even if this incoherent background scattering was subtracted.

However, this differences in the ways of determining the background can be balanced by the additional
normalization parameters const, and g. In the resulting refinements, both parameters are only small and
therefore, they can be seen as “smoothing parameters”. Therefore, the parameters const, and g are
needed for samples containing hydrogen, since these influences the refinement result directly through
the incoherent background indirectly through a higher degree of disorder, which can be described
through the additional normalization parameters. These theoretical considerations can also be proofed
looking at the refinements. In Figure S2, the refinements for PF-R 1200 and PF-R 3000 are shown.
Since PF-R 1000 consists of high amount of hydrogen, the different refinements are slightly different,
but overall, const, and g must be used to get the best result as possible. In contrast, PF-R 3000 is much
more ordered and does not consist of any hydrogen and therefore, the refinements are nearly identical.
It does not matter, whether const, and g was used or not and both parameters do not have an influence
on the resulting microstructure parameters. Therefore, they can also be used for these samples, since

they will be fitted near to 0 in this case.

To conclude this discussion about the background correction and the usage of the normalization

constants, the following two points should be considered:

1. For a hydrogen amount > 0.2 %, a Pseudo-Voigt function should be used to determine the

background. For all other samples, a Placzek correction is sufficient.

2. The parameters g and const, should be refined for every sample, since it leads to more exact

results for less ordered samples it does not influence higher ordered samples.
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re S1  Background correction using a Pseudo-Voigt function (red) for PF-R 1000, which

contains a significant amount of hydrogen in contrast du a Placzek correction (blue), which is used for
samples consist of only a few hydrogen (< 0.2 %). For PF-R 1500, the difference is only small and

therefore, the Placzek correction is sufficient for temperatures with less hydrogen (= higher heat-

treatment temperatures). Only every 3™ measured point is shown.
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Figure S2  Example refinements for PF-R 1200 and PF-R 3000 using three different types of

normalization correction (red: g and const, fitted, blue: g =0, const, fitted, green: g =0 and const, = 0).

Overall, the differences are only very small and therefore, it is recommended to use g and const, during

the refinement, since it leads to more comparable and exact results.
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S2. Overview about the refined microstructure
S2.1. Results for the phenol-formaldehyde resin (PF-R) temperature series

S2.1.1. WANS-data refinement for the phenol-formaldehyde resin (PF-R) temperature series

Phenol-formaldehyde resin (PF-R)

3000 °C

2800 °C

2300 °C

..,.:: '
|9 & 4 . ; 2100 °C

Beg B oo o 1800 °C

Intensity // arb. u
x

el

1200 °C

..........
,,,,,,,,,,,,,,,

1000 °C

00 05 1.0 15 20 25 3.0 35
s/ A’

Figure S3  WANS-data refinement for the phenol-formaldehyde resin (PF-R) temperature series.
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S2.1.2. Microstructure parameters for the phenol-formaldehyde resin (PF-R) temperature series

¢ 357 0 WANS data this study (Grenoble) < 14y
< 30 O WAXS Badaczewski et al, 2019 g"‘ 1] fo)
g > WANS Pfaff, Badaczewski et al. 2019 g
% 55| M Combined WANS data Grenoble g 1.04 O O O oo
% {and Pfaff, Badaczewski ct al. 2019 X g B 04
: 5ol
,@ 20 g O E 0.8 Q
Iz St
24 151 X © 0.6+
s 2 o U
17 [ e - o 1 X
o 10 | 0.4
& o 5 o © E °5 o -
2 s eeoe E 024 © oo g,
< , . - . . — & - . - . . -
0 500 1000 1500 2000 2500 3000 @ 0 500 1000 1500 2000 2500 3000
Heat-treatment temperature / °C Heat-treatment temperature / °C
1.43 4
o] ~£ 1421 o
8 k) - g go WO
g 4.0 G ° o g ) Bo o
= 404 0 = 1414
g 9 o - E S99
J S
538 - 3 1407 ©
) 16 g . 0o o
& 3.6 o
5 0oo0 o b3 é - & 1.391 l
< o] g o
3.4 - o0 %
T T . : . T 1.38 T . T T T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Heat-treatment temperature / °C Heat-treatment temperature / °C
M: 1404 - 0.204
120 o 0.181 %» “.‘b °
g 99 870,16
; 0B
54 (o] & U144 N
; 201 O‘ ‘O B 014 o
o < 0,12 (o]
5 — s o
> 60 Q |51
= o) ¥ 'g 0.10 o O o o
k)
¥ 407 o © g o 29 ~oos o
Q 1 O X
z 2 ogao O 0.06 "0 oo @ao o
0 O 0.04 2
0 500 1000 1500 2000 2500 3000 o 500 1000 1[S00 2000 2S00 3000

Heat-treatment temperature / °C

Heal-treatment temperature / °C

Figure S4 Refined microstructure data for phenol-formaldehyde resin (PF-R) as precursor (black
border-only: this study (WANS Grenoble), red: Badaczewski et al. (WAXS) [1], blue: Pfaff,
Badaczewski et al. (WANS Berlin) [2], black filled: combined WANS data from Grenoble and Berlin).




CLVIII| 6.4. ANHANG
PUBLIKATIONEN — ANHANGE

S2.1.3. Stack structure of the phenol-formaldehyde resin (PF-R) temperature series

Regarding to 3.2.1 in the main article, another important point to analyze and determine the disorder of
the stacking structure is the parameter ., which describes the polydispersity of the stack height. In the
work of Badaczewski et al. [1], these parameter does not have any clear tendency, but they are spread
between 0.1 and 1, where 0 means no and 1 a high polydispersity of the stack height. Since this
parameter has only a very small influence on the scattering curve, it is nearly impossible to refine this
parameter in a meaningful way using wide-angle X-ray scattering at a common copper radiation
wavelength (1 = 1.54 A). Using neutron scattering at a lower wavelength, higher ordered reflections
without any damping from the atomic form factor become visible. Therefore, it is possible to also refine
the polydispersity of the stack height. In the case of the phenol-formaldehyde resin, this value decreases
from 0.45 at 1000 °C to 0.35 at 3000 °C, which means, the stack height become more unique at higher

heat treatment temperatures.

The last parameter describing the order of the stacks is the homogeneity #. This parameter describes, if
the sheets are completely parallel and perfectly stacked on each other ( = 1) or not (# < 1). The
homogeneity is increasing from 0.94 to 1 (perfectly homogeneous), which means an increasing degree
of order in the stacking structure. These values are higher than in the reference, where the homogeneity
also does not have a clear dependent tendency of the heat treatment, but overall, the order of magnitudes
of all parameters are in a good agreement with the WAXS data measured by of Badaczewski et al. [1].
Therefore, also the tendency for the average stack height (L) is comparable to the reference, even if the
absolute values are a little bit higher. A higher stack height, which means nothing else than a bigger
crystallite size, causes higher and sharper reflections in the scattering pattern, while a higher disorder
causes smaller and broader reflections, so also bigger stack height balances the high values of o3 and
the evaluation of the WANS data of this study is comparable and the results consistent with the

reference, even if the absolute values are different.
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S2.2. Results for the mesophase pitch (MP) temperature series

S2.2.1. WANS-data refinement for the mesophase pitch (MP) temperature series
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Figure S5 WANS-data refinement for the mesophase pitch (MP) temperature series.
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S2.2.2. Microstructure parameters for the mesophase pitch (MP) temperature series
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Figure S6  Refined microstructure data for a mesophase pitch (MP) as precursor (black border-only:

this study (WANS Grenoble), green: Loeh et al. (WAXS) [3], red: Badaczewski et al. (WAXS) [1],
blue: Pfaff, Badaczewski et al. (WANS Berlin) [2], black filled: combined WANS data from Grenoble

and Berlin).
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S2.3. Results for the low softening-point pitch (LSPP) temperature series

S2.3.1. WANS-data refinement for the low softening-point pitch (LSPP) temperature series

Low softening-point pitch (LSPP)
@
! 3000 °C (interpolation)

P - U T s
S 2800 °C (interpolation)
= R
2

2 2500 °C (interpolation)
Z e e —
Q

= 1800 °C (fit)

Figure S7 WANS-data refinement (1200 °C and 1800 °C) for the low softening-point pitch (LSPP)
temperature series. For 2500 °C, 2800 °C and 3000 °C, the data could not be refined using the model
of Ruland & Smarsly [4] due to the “mixed” (hkl)-retlections. Therefore, the data was just interpolated.
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S2.3.2. Microstructure parameters for the low softening-point pitch (LSPP) temperature series
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Figure S8 Refined microstructure data for a low softening-point pitch (LSPP) as precursor (black
border-only: this study (WANS Grenoble), green: Loeh et al. (WAXS) [3], blue: Pfaff, Badaczewski et
al. (WANS Berlin) [2], black filled: combined WANS data from Grenoble and Berlin).
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S2.4. Comparison between measured wide-angle neutron scattering data of this study to wide-

angle X-ray and neutron (WAXS/WANS) to works of Badaczewski, Loeh, Pfaff et al. [1-3]
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Figure S9 Refined microstructure data comparison between the different precursors (black: phenol-
formaldehyde resin (PF-R), red: mesophase pitch (MP), blue: low softening-point pitch (LSPP)).
Border-only: Refinement from WANS data from Grenoble (this study); filled: combined WANS data
from Grenoble and Berlin (Pfaff, Badaczewski et al. 2019 [2])).
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Table S1 ~ Overview about final resulting microstructure parameters. Since phenol-formaldehyde
resin (PF-R) is non-graphitizable, the samples still consist of a certain degree of disorder, even hat high
heat-treatment temperatures. In contrast, the mesophase pitch (MP) and the low softening-point pitch
(LSPP) consist of more ordered aromatic systems in the precursor, so the resulting microstructure is
more graphite like at high heat-treatment temperatures. Since the softening-point is lower for LSPP, it
is better graphitizable than MP. A detailed description as well as a figure of the meaning of it, can be
found in the work of Osswald and Smarsly [5]. The numbers in brackets are the results from the

combination of the WANS data from Grenoble and Berlin.

Phenol-formaldehyde resin (PF-R)

L/ A N a_3/A Wmin / A o3/ A n L./ A lee ] A o1
=— E — QECCO

% ._— g ._— g _— sy | p]| 5e
Max.
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error
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1200
PF-R

10.8 2.7 3.95 3.24 1 0.96 21.0 1.4140 0.058
1500
PF-R

11.8 3.0 3.89 3.32 1 0.95 26.2 1.4150 0.058
1800
PF-R 13.1 3.4 3.83 3.36 1032) 0.96 29.9 1.4156 0.057
2100 (11.6) 3.3) 3.5 (2.74) ' (0.87) 31) (1.4149) (0.056)
PF-R

14.2 3.7 3.80 3.38 1 0.98 321 1.4164  0.055
2300
PF-R 19.7 5.4 3.67 3.39 0.86 1 (0.94) 39.5 1.4177 0.053
2800 (20.1) (5.8) (3.46) (3.08) (0.20) . 47.4) (1.4175) (0.052)
PF-R

20 5.5 3.66 3.39 0.83 1.00 39.5 1.4179  0.052
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CLXIV



6.4. ANHANG |CLXV
PUBLIKATIONEN — ANHANGE

Mesophase pitch (MP)
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Low softening-point pitch (LSPP) (2500 °C and higher only evaluated by Scherrer analysis)
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For 7 samples, WANS data from two different experiments were measured and can be combined (PF-

R 2100/2800, MP 1200/1800/2100, LSPP 1200/1800). The advantages of the combination have already

been discussed in the main article, so only the practical implementation is shown here (Figures S10 and

S11).

In principle, the raw data (part A) from Berlin was adjusted to fit the raw data from Grenoble using a

linear function (only stretching and moving) in the range from 1.4 A~ <5 < 1.5 A~'. Afterwards, the

already known background correction determined from the WANS data from Grenoble was used to

correct both, the WANS data from Grenoble and from Berlin. For the combined data, for s < 1.45 A~

the part from Berlin, and for s > 1.45 A ! the part from Grenoble was used.
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Figure S10 Combination of WANS data for the phenol-formaldehyde heat-treated at 2800 °C

measured for this study in Grenoble and already measured by Pfaff, Badaczewski et al. in Berlin [2].
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Figure S11 Combination of WANS data for the mesophase pitch heat-treated at 2100 °C measured
for this study in Grenoble and already measured by Pfaff, Badaczewski et al. in Berlin [2].




6.4. ANHANG |CLXIX
PUBLIKATIONEN — ANHANGE

S4. Elemental analysis

Table S2  Overview of the elemental analysis of all measured samples. PF-R = phenol-formaldehyde
resin, MP = mesophase pitch, LSPP = low softening-point pitch. Sulfur was only measured for the LSPP

series.

Precursor  Heat treatment Carbon (C) Hydrogen Nitrogen (N) Oxygen (O)  Sulfur (S)

temperature (H)
PF-R 1000 °C 95.90% 1.26% 0.64% 0.86%
PF-R 1200 °C 99.20% 0.43% 0.40% 0.16%
PF-R 1500 °C 99.50% 0.26% 0.18% 0.25%
PF-R 1800 °C 99.70% 0.16% 0.01% 0.11%
PF-R 2100 °C 99.80% 0.13% 0.01% 0.08%
PF-R 2300 °C 99.80% 0.12% 0.01% 0.07%
PF-R 2800 °C 99.90% 0.05% 0.01% 0.06%
PF-R 3000 °C 100.00% 0.00% 0.01% 0.05%
MP 1200 °C 98.70% 0.40% 0.78% 0.15%
MP 1500 °C 99.40% 0.24% 0.34% 0.07%
MP 1800 °C 100.00% 0.15% 0.01% 0.04%
MP 2100 °C 99.80% 0.15% 0.01% 0.04%
LSPP 1200 °C 96.20% 0.19% 1.01% 0.17% 0.40%
LSPP 1800 °C 97.80% 0.00% 0.96% 0.05% 0.10%
LSPP 2500 °C 97.10% 0.00% 0.92% 0.06% 0.10%
LSPP 2800 °C 97.20% 0.00% 0.85% 0.04% 0.00%
LSPP 3000 °C 97.50% 0.00% 0.81% 0.06% 0.00%
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Figure S12 Comparison of the layer extension (L,) und disorder (1) and stack height (L¢) und
disorder (o3) to the elemental analysis for a mesophase pitch (MP) as precursor. Since foreign atoms as
oxygen and nitrogen cannot build perfect sp>-hybridizes layers, the presence of it hinders the formation
of such layers. Therefore, with a decreasing amount of such atoms leads to bigger and higher ordered

layers. The values of L. and o3 are not shown here, because their determination does not possess

sufficient accuracy.
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Figure S13 Comparison of the layer extension (L,) und disorder (o) and stack height (L) und disorder
(o3) to the elemental analysis for the low softening-point pitch (LSPP) as precursor. Since foreign atoms
as oxygen and nitrogen cannot build perfect sp>-hybridizes layers, the presence of it hinders the
formation of such layers. Therefore, a decreasing amount of such atoms leads to bigger and higher
ordered layers. Additionally, the complete absence of oxygen seems to be a good indicator for the
presence of a three-dimensionally ordered graphite-like structure (LSPP 2800/3000). The values of L.

and o3 are not shown here, because their determination does not possess sufficient accuracy.
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S5. Results, microstructure parameters and comparison to literature
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Figure S14 Refinement for MP 1200 and MP 2100 (mesophase pitch heat-treated at 1200 °C/2100
°C). In this figure, only WANS data collected in Grenoble and not the combined WANS data are shown.
Red: Refinement of the WANS data. Green/blue: Simulated WANS data using the results from previous
WAXS refinements. Especially for MP 2100, the simulated (002)-reflection at s ~ 0.25 A is too small
compared to the measured data. The reason is the bad s-space resolution (As/s), which causes a

broadening in the WANS data at lower values of s.
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Figure S15 A: Zoom in the WAXS region (s < 1.2 A™") of Figure 10 of the main article. It is seen that
the fitting in the WANS study from 2019 deviates at small s, due to the different resolutions of the
setups as HZB and ILL beamlines. B: Zoom in the WANS region (s > 1.2 A™") of Figure 10 of the main
article. It is seen that the fitting in the WANS study from 2019 deviates at large s, due to the different

results for the intralayer structure, which is caused by the limited measurement range in this prior study.
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Figure S16 Even if both, o1 and L, for the mesophase pitch (MP) and low softening-point pitch (LSPP)

temperature series determined by WANS are much smaller compared to WAXS results, the ratio of

01/L, does not change over the whole temperature range. A similar figure for the resins can be found in

the main article as Figure 9.
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Figure S17 A: The intensity quotient between the D- and G-band (/p//s) for the low softening-point

pitch (LSPP) were fitted by Schiipfer et al. using L, determined from data from Badaczewski et al. [1]

Even if L, is now different, the results from the WANS measurements still fits the fit. B: The position

of the D-band is still lower than the theoretical value for these resins. It seems, that in general the

theoretical calculations are not valid for (disordered) glassy carbon. C: The theoretical position of the

G-band does fit the measured values for both, WAXS and WANS measurements. Even if the layer

extension alters, it still fits the theoretical position. Both positions were calculated using the Campbell-

Fauchet modelling as described by Schiipfer et al. [6—8] A similar figure for the resins can be found in

the main article as Figure 13.
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Figure S18 A/B: Measured Raman data for the mesophase and low softening-point pitch (MP/LSPP)
temperature series. All samples show increasing 2D and D’ bands and a higher G/D ratio at higher heat-
treatment temperature, which are clear indicators for a higher degree of graphitization [6,9]. C: The
intensity quotient between the D- and G-band (/p//s) for the low softening-point pitch (LSPP) were
fitted by Schiipfer et al. using L, determined from data from Badaczewski et al. [1] from the MP-series.
Even if L, is now different, the results from the WANS measurements still fits the fit. D: The position
of the D-band is still lower than the theoretical value for these resins. It seems, that in general the
theoretical calculations are not valid for (disordered) glassy carbon. E: The theoretical position of the
G-band does fit the measured values for both, WAXS and WANS measurements. Even if the layer
extension alters, it still fits the theoretical position. Both positions were calculated using the Campbell-
Fauchet modelling as described by Schiipfer et al. [6-8] A similar figure for the resins can be found in

the main article as Figure 13.
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S6. Calculation of the correlation function P(r) from the layer size (L.) and disorder (o1)

In order to obtain a simpler phenomenological understanding of the layer disorder parameter oy (also in
relation to the layer extension L,), the layer correlation function P(r) from Ruland & Smarsly [4] can
be considered. This function describes the probability that an atom at a distance » (in real space) is
exactly in the same position as in a graphene layer. The resulting function P(r) is the multiplication of

the influence through the finite layer size (PL(r)) and the layer disorder (Pp(r)):
P(r) = Pu(r) - Po(r) ©
The correlation function for the finite layer size PL(r) can be calculated by
P(r) =T+ )" [Tv+1,a-r-a-r-Tma-r)] (10)

using the complete (I'(x)) and the incomplete (I'(a, x)) gamma functions and the parameters v and o,

which are related to the average layer size by L. = (v + 1)/a.

For the disorder, Pp(r) can be calculated using the standard deviation of the next-neighbor-distribution

(01) and the average C-C bond for a given (/k)-reflection:

Po(r)=exp[-2 - 7 - 2/(3 - lee) - 7 sui’] (b

L 2 2 2
Shk*\/h +k +hk3/ (12)

cc

In Figure S19, different plots for Pp(r), Pi.(r) and P(r) are shown. In A, the Pp(r) for the phenol-
formaldehyde resin (PF-R) temperature series shows a clear tendency for increasing heat-treatment
temperatures, in particular Pp(r) becomes higher for higher temperatures, which means a higher ordered
structure. Nevertheless, the function is continuous decreasing for higher values of », which indicates,
that some disorder is present in the graphene layers. But however, even for high distances of 100 A (=
10 nm), Pp(r) > 0.75, which indicates, that the layer structure is very similar to graphene and a high
degree of long-range order is present even for lower heat-treatment temperatures. Additionally, a
comparison of Pp(r) calculated from the results of the WANS data from Grenoble in this study (filled)
to the one based on the WAXS-results from Badaczewski et al. [1] can be performed. Hence, the results
for Pp(r) based on the WANS-results are much higher than the one based on the WAXS-results.
Moreover, the results based on the WAXS-data lead more to the assumption, that the layers are highly
disordered and especially for higher distances not graphene like (Pp(r) < 0.5). For the more accurate
results based on the WANS-data, the opposite is the case: The layers are graphene like over their whole

extension and the disorder is only small.

C and D in Figure S19 compare the different precursors (phenol-formaldehyde resin (PF-R), mesophase
pitch (MP) and low softening-point pitch (LSPP)) for the same temperatures. It becomes clearly, that
the pitches are in general higher ordered than the resin, especially for lower heat-treatment temperatures.

For higher temperatures, the differences are much smaller, which means, that the layer-order is very
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similar for the pitches and the resin for 1800 °C. But even if the difference for 1200 °C is higher, it is
only ~ 0.05 for » = 100 A, which means, that the probability, that the atom position at 100 A differs
from the perfect graphene one is only ~ 5% higher for the resin precursor compared to the low softening-
point pitch precursor. Additionally to Pn(r), also Pi(r) and P(r) are shown in B for PF-R heat-treated at
1200 °C, 1800 °C and 3000 °C. Interestingly, the influence of PL(r) is much higher as the one for Pp(r)
for all temperatures and therefore, the resulting P(r) function is mainly dominated from the finite-layer
size (P.(r)) and not from the layer disorder (Pp(r)).
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Figure S19 Plot of the layer structure correlation function (P(r)) based on the extension (Pr(r)) and
disorder (Pp(r)). The comparison between the function based on the results from the WANS-data
analysed in this study and the WAXS-data from Badaczewski et al. [1] (A) lead to the conclusion, that

the layers are much more ordered as assumed and graphene like over their whole extension.
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S7. Refined microstructure data
S7.1. Microstructure parameters for the phenol-formaldehyde resin (PF-R) temperature series

Table S3  Comparison of the average stack height L. in A for WANS data for the phenol-
formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Badaczewski et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2]  etal. (WANS) [2]
Max Error 5% 15% 15 % 5%
PF-R 500 9A
PF-R 800 7A
PF-R 1000 7.1A 7A
PF-R 1200 103 A 7A
PF-R 1500 10.8 A 8A
PF-R1800 11.8A 9A
PF-R2100 13.1A 11A 14 A 11.6 A
PF-R2300 142A 12A
PF-R2800 19.7A 19A 23 A 20.1 A
PF-R3000 20.0A 2 A
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Table S4  Comparison of the average number of layers per stack N for WANS data for the phenol-
formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Badaczewski et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error  7.5% 15% 15% 7.5%

PF-R 500 2.0

PF-R 800 2.0

PF-R 1000 1.9 2.0

PF-R 1200 2.6 2.0

PF-R 1500 2.7 22

PF-R 1800 3.0 2.4

PF-R2100 34 3.0 4 33

PF-R 2300 3.7 3.4

PF-R2800 5.4 5.6 7 5.8

PF-R 3000 5.5 6.8
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Comparison of the average stack height @z in A for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,

Badaczewski et al. [2]

Max Error

PF-R 500

PF-R 800

PF-R 1000

PF-R 1200

PF-R 1500

PF-R 1800

PF-R 2100

PF-R 2300

PF-R 2800

PF-R 3000

This study Badaczewski et al.
Grenoble (WANS) (WAXS)[1]
0.1% 2%
439 A
3.59A
3.68 A 3.58A
3.98A 3.58 A
3.95A 3.56 A
3.89 A 3.50 A
3.83A 349 A
3.80 A 3.46 A
3.67A 344 A
3.66 A 3394

Combined WANS

data Grenoble &
Pfaff, Badaczewski Pfaff, Badaczewski
etal. (WANS) [2] etal. (WANS) [2]

2% 0.1%
3.56 A 3.05A
348 A 3.46 A
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Table S6

Comparison of the minimal stack height a; min in A in A for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,

Badaczewski et al. [2]

Badaczewski et al.

This study (WAXS) 1]
Grenoble (WANS)  Not given

Max Error 2%

PF-R 500

PF-R 800

PF-R 1000 3.12A

PF-R 1200 321 A

PF-R 1500 3.24A

PF-R 1800 332A

PF-R2100 336 A

PF-R2300 3.38A

PF-R2800 3.39A

PF-R3000 3.39A

Combined WANS
data Grenoble &
Pfaff, Badaczewski
et al. (WANS) [2]

Pfaff, Badaczewski
et al. (WANS) [2]

12 % 2%
3.16 A 2.74 A
330A 3.08 A
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Table S7  Comparison of the standard deviation of the layer distance o3 in A for WANS data for the
phenol-formaldehyde resin temperature series measured in this study, WAXS data measured by
Badaczewski et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2].
Additionally, the WANS data from this study from Grenoble were combined with WANS data from
Pfaff, Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Badaczewski et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]
Max Error 3.3 % 10 % 10 % 33%
PF-R 500 1.26 A
PF-R 800 0.47 A

049 A (fitting
PF-R 1000 problem, 1 A 035A

assumed)
PF-R 1200 1 A (max fit value) 0.28 A
PF-R 1500 1 A (max fit value) 0.27 A
PF-R 1800 1 A (max fit value) 0.24 A
PF-R2100 1 A (max fit value) 0.22 A 0.44 A 0324
PF-R2300 1 A (max fit value) 0.21 A
PF-R 2800 0.86 A 0.16 A 025 A 02A

PF-R 3000 0.83 A 0.17 A
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Table S8  Comparison of the homogeneity of the stacks # for WANS data for the phenol-
formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Badaczewski et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error 0.3 % 5% 5% 0.3%

PF-R 500 1 (max value)

PF-R 800 0.90

PF-R 1000 0.94 0.95

PF-R 1200  0.95 0.89

PF-R 1500 0.96 0.82

PF-R 1800  0.95 0.92

PF-R 2100  0.96 0.89 0.86 0.87

PF-R 2300 0.98 0.93

PF-R 2800 1 (max value) 0.95 0.93 0.94

PF-R 3000 1 (max value) 0.94
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Table S9  Comparison of the average layer extension L, in A for WANS data for the phenol-
formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski

et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2].

Combined WANS

‘O data Grenoble &
O‘O This study Badaczewski et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error 10 % 15% 15% 10 %
PF-R 500 7A

PF-R 800 19 A

PF-R 1000 164 A 25 A

PF-R 1200 18.7A 30A

PF-R 1500 21.0 A 33A

PF-R 1800 26.2 A 43 A

PF-R2100 29.9A 51A 40 A 31.0A
PF-R2300 32.1A 59A

PF-R2800 39.5A 87 A S1A 474 A
PF-R3000 39.5A 124 A
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Table S10 Comparison of the average C-C bond length /. for WANS data for the phenol-
formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

Combined WANS

data Grenoble &
© l This study Badaczewski et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]
Max Error 0.1 % 0.4 % 0.4 % 0.1 %
PF-R 500 1.422 A
PF-R 800 1.410 A
PF-R 1000 1.4139 A 1.408 A
PF-R 1200 1.4136 A 1.408 A
PF-R 1500 1.4140 A 1.410 A
PF-R 1800 1.4150 A 1.412 A
PF-R2100 1.4156 A 1.413 A 1413 A 1.4149 A
PF-R2300 1.4164 A 1413 A
PF-R 2800 1.4177 A 1.414 A 1.419 A 1.4175 A
PF-R3000 1.4179 A 1.402 A
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Comparison of the layer disorder oy for WANS data for the phenol-formaldehyde resin

temperature series measured in this study, WAXS data measured by Badaczewski et al. (WAXS) [1]
and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally, the WANS data
from this study from Grenoble were combined with WANS data from Pfaff, Badaczewski et al. [2]

Max Error

PF-R 500

PF-R 800

PF-R 1000

PF-R 1200

PF-R 1500

PF-R 1800

PF-R 2100

PF-R 2300

PF-R 2800

PF-R 3000

This

2%

0.065

0.060

0.058

0.058

0.057

0.055

0.053

0.052

study Badaczewski et al.

Grenoble (WANS)

(WAXS) [1]

12 %

0.18

0.14

0.12

0.12

0.11

0.10

0.10

0.09

0.08

0.09

Combined WANS

data Grenoble &
Pfaff, Badaczewski Pfaff, Badaczewski
etal. (WANS) [2] etal. (WANS) [2]

12 % 2%
0.067 0.056
0.047 0.052
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Table S12  Comparison of the polydispersity of the layer extension stack height x, for WANS data
for the phenol-formaldehyde resin temperature series measured in this study, WAXS data measured by
Badaczewski et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2].
In general, is x, fixed to a fixed value x, = 1/v. Additionally, the WANS data from this study from
Grenoble were combined with WANS data from Pfaff, Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Badaczewski et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error 0% (v="7) 0% (v=4) 0% (v=4) 0% (v=17)

PF-R 500 0.25

PF-R 800 0.25

PF-R 1000 0.14 0.25

PF-R 1200 0.14 0.25

PF-R 1500 0.14 0.25

PF-R 1800 0.14 0.25

PF-R 2100 0.14 0.25 0.25 0.14

PF-R 2300 0.14 0.25

PF-R 2800 0.14 0.25 0.25 0.14

PF-R 3000 0.14 0.25
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Table S13  Comparison of the polydispersity of the stack height x. for WANS data for the phenol-
formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Badaczewski et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error 15 % 15 % 15% 15%

PF-R 500 0.45

PF-R 800 0.39

PF-R 1000  0.45 0.39

PF-R 1200 0.39 0.38

PF-R 1500  0.39 0.38

PF-R 1800 0.38 0.37

PF-R2100 0.38 0.39 0.37 0.36

PF-R2300 0.37 0.37

PF-R 2800 0.39 0.49 0.55

PF-R 3000 0.37
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S7.2. Microstructure parameters for the mesophase pitch (MP) temperature series

Table S14 Comparison of the average stack height L. in A for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,

Badaczewski et al. [2]

Max Error

MP 20

MP 400

MP 500

MP 600

MP 700

MP 800

MP 900

MP 1000

MP 1200

MP 1500

MP 1800

MP 2100

This study Loeh et al.
Grenoble
(WANS)

5%

173 A
189 A
23.6 A

25.0 A

(WAXS)
(3]
15 %
11A
124
284
17A
16 A
124
12A
14 A
18 A
39A
151 A

198 A

Badaczew-
ski et al
(WAXS)

(1]

15 %

18 A

11A

12A
15 A
27A
53A

84 A

Pfaff, Bada-

czewski et al.

(WANS) [2]

15 %

18A

44 A

81 A

Combined WANS data
Grenoble & Pfaff, Bada-
czewski et al. (WANS) [2]

5%

195A

59.2 A

59.4 A
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Table S15 Comparison of the average number of layers per stack N for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,

Badaczewski et al. [2]

Max Error

MP 20

MP 400

MP 500

MP 600

MP 700

MP 800

MP 900

MP 1000

MP 1200

MP 1500

MP 1800

MP 2100

This study
Grenoble

(WANS)

5%

4.7
5.4
6.8

7.3

Loeh et al.
(WAXS)
(3]

15 %

11
44

58

Badaczew-

ski

et al

(WAXS)

(1]

15%

5.1

33

35

4.4

7.7

15.5

24.5

Pfaff, Bada- Combined WANS data
czewski et al. Grenoble & Pfaff, Bada-
(WANS) [2]  czewski et al. (WANS) [2]

15 % 5%
5.1 5.6
12.7 17.1
23.0 17.2
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Table S16 Comparison of the average stack height @3 in A for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,

Badaczewski et al. [2]

Max Error

MP 20

MP 400

MP 500

MP 600

MP 700

MP 800

MP 900

MP 1000

MP 1200

MP 1500

MP 1800

MP 2100

5%

3.69 A
3.52A
347A

3.45A

This study Loeh et al.
Grenoble
(WANS)

(WAXS)
(3]

15 %
3.52A
351A
3.46 A
3.46 A
345 A
3.44 A
3.44 A
3.46 A
3.46 A
3.44 A
3.42 A

341A

Badaczew-
ski et al
(WAXS)
(1]

15 %

3.46 A

3.46 A

3.47A
3.49 A
3.47A
3.44 A

3.44 A

Pfaff, Bada-
czewski et al.

(WANS) [2]

15 %

3.53A

347 A

3.45A

Combined WANS data
Grenoble & Pfaff, Bada-
czewski et al. (WANS) [2]

5%

35A

345A

345A
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Table S17 Comparison of the minimal stack height @3 min in A in A for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

Max Error

MP 20

MP 400

MP 500

MP 600

MP 700

MP 800

MP 900

MP 1000

MP 1200

MP 1500

MP 1800

MP 2100

This
study

Grenoble
(WANS)

5%

3.28 A
327A
337A

339A

Loeh

(WAXS) [3]

15 %

3.52A
351A
3.46 A
3.46 A
3.45A
3.44 A
3.44 A
3.46 A
3.46 A
3.44 A
342 A

341 A

Pfaff,
Bada- Combined WANS
czewski et data Grenoble &
al. Pfaff,
Badaczewski et al. (WANS) Badaczewski et
(WAXS) [1] [2] al. (WANS) [2]
15% 15% 5%
3 A (min fit value)
3 A (min fit value)
324 A
3.08 A 330 A
3.11A
3.05A 333A
3.19A 3.34 334 A
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Table S18 Comparison of the standard deviation of the layer distance o3 in A for WANS data for the
phenol-formaldehyde resin temperature series measured in this study, WAXS data measured by
Badaczewski et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2].
Additionally, the WANS data from this study from Grenoble were combined with WANS data from
Pfaff, Badaczewski et al. [2]

Badaczew-
This study Loch etal. ski et al. Pfaff, Bada- Combined WANS data
Grenoble (WAXS) (WAXS) czewski et al. Grenoble & Pfaff, Bada-

(WANS) (3] [1] (WANS) [2]  czewski et al. (WANS) [2]
Max Error 5% 15 % 15 % 15 % 5%
MP 20 0324
MP 400 030 A
MP 500 0.26 A 0.26 A
MP 600 025A
MP 700 026 A
MP 800 027 A 032A
MP 900 024 A
MP 1000 0.26 A 027A
MP 1200  0.63 A 0.22 A 027 A 042 A 0.4 A
MP 1500 0314 0.19A 023 A
MP 1800  0.18 A 0.11A 0.15A 022A 0.14 A
MP2100  0.10A 0.10 A 0.13 A 0.14 A 0.14 A
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Table S19 Comparison of the homogeneity of the stacks # for WANS data for the phenol-
formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

Pfaff, Combined WANS

Badaczew- data Grenoble &

This  study ski et al. Pfaff, Bada-
Grenoble Loeh et al. Badaczewski et (WANS) czewski et al.
(WANS) (WAXS) [3] al. (WAXS) [1] [2] (WANS) [2]

Max Error 5% 15% 15 % 15% 5%

MP 20 0.77

MP 400 0.71

MP 500 0.70 0.68

MP 600 0.75

MP 700 0.76

MP 800 0.96 1 (max value)

MP 900 0.97 1 (max value)

MP 1000 1 (max value) 1 (max value)

MP 1200 1 (max value) 1 (max value) 1 (max value) 1 (max value)

MP 1500 1 (max value) 1 (max value) 0.97

MP 1800 1 (max value) 0.97 0.97 0.99

MP 2100 1 (max value) 0.99 0.96 0.99
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Table S20 Comparison of the average layer extension L, in A for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

o9
OOO‘O

A—)
Max Error
MP 20
MP 400
MP 500
MP 600
MP 700
MP 800
MP 900
MP 1000
MP 1200
MP 1500
MP 1800

MP 2100

This study Loeh et al.

Grenoble
(WANS)

5%

199 A
25.1A
379 A

462 A

(WAXS)
(3]

15 %
11A
12A
13 A
14A
14A
19 A
24A
32A
39 A
S8 A
148 A

210 A

Badaczew-
ski et al. Pfaff, Bada-
(WAXS) czewski et al.

[1] (WANS) [2]
15 % 15 %

13A

16 A

33A

34 A 34 A

47 A

85 A 48 A

130 A 77 A

Combined WANS data
Grenoble & Pfaff, Bada-
czewski et al. (WANS) [2]

5%

195 A

59.2 A

594 A
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Comparison of the average C-C bond length /.. for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

@I

Max Error
MP 20
MP 400
MP 500
MP 600
MP 700
MP 800
MP 900
MP 1000
MP 1200
MP 1500
MP 1800

MP 2100

This study

Grenoble

(WANS)

5%

1.4163 A
1.4177 A
1.4190 A

1.4198 A

Loeh et al.
(WAXS)
(3]

15%
1.414 A
1.417 A
1412 A
1.413 A
1412 A
1.412 A
1.411 A
1.413A
1.413 A
1415 A
1.420 A

1.421 A

Badaczew-
ski et al
(WAXS)
(1]

15%

1413 A

1.409 A

1413 A
1413 A
1.414 A
1.416 A

1.417 A

Pfaff, Bada- Combined WANS data
czewski et al. Grenoble & Pfaff, Bada-
(WANS) [2]  czewski et al. (WANS) [2]

15 % 5%

1.417 A 1.4187 A
1.420 A 1.4203 A
1.417 A 1.4203 A
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Table S22  Comparison of the layer disorder o1 for WANS data for the phenol-formaldehyde resin
temperature series measured in this study, WAXS data measured by Badaczewski et al. (WAXS) [1]
and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally, the WANS data
from this study from Grenoble were combined with WANS data from Pfaff, Badaczewski et al. [2]

Badaczew-
This study Loeh etal. ski et al. Pfaff, Bada- Combined WANS data
Grenoble (WAXS) (WAXS) czewski et al. Grenoble & Pfaff, Bada-

(WANS) [3] [1] (WANS) [2]  czewski et al. (WANS) [2]
Max Error 5% 15% 15% 15% 5%
MP 20 0.173
MP 400 0.173
MP 500 0.166 0.16
MP 600 0.170
MP 700 0.167
MP 800 0.143 0.13
MP 900 0.130
MP 1000 0.126 0.13
MP 1200 0.059 0.126 0.12 0.059 0.055
MP 1500 0.059 0.112 0.10
MP 1800 0.056 0.065 0.08 0.050 0.050
MP 2100 0.052 0.045 0.07 0.036 0.048
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Table S23  Comparison of the polydispersity of the layer extension stack height x, for WANS data

for the phenol-formaldehyde resin temperature series measured in this study, WAXS data measured by
Badaczewski et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2].

In general, is x, fixed to a fixed value x, = 1/v. Additionally, the WANS data from this study from
Grenoble were combined with WANS data from Pfaff, Badaczewski et al. [2]

Max Error

MP 20

MP 400

MP 500

MP 600

MP 700

MP 800

MP 900

MP 1000

MP 1200

MP 1500

MP 1800

MP 2100

This study
Grenoble

(WANS)

5%

0.14

0.14

0.14

0.14

Loeh et al.
(WAXS)
3]

15%
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

0.25

Badaczew-

ski

et al

(WAXS)

(1]

15%

0.25

0.25

0.25
0.25
0.25
0.25

0.25

Pfaff, Bada- Combined WANS data
czewski et al. Grenoble & Pfaff, Bada-
(WANS) [2]  czewski et al. (WANS) [2]

15 % 5%
0.14
0.14
0.25 0.14

CCI



CCll| 6.4. ANHANG
— ANHANGE

PUBLIKATIONEN

Table S24 Comparison of the polydispersity of the stack height x. for WANS data for the phenol-

formaldehyde resin temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,

Badaczewski et al. [2]

Max Error

MP 20

MP 400

MP 500

MP 600

MP 700

MP 800

MP 900

MP 1000

MP 1200

MP 1500

MP 1800

MP 2100

This study Loeh et al.
Grenoble
(WANS)

5%

0.39

0.4

0.37

0.39

(WAXS)
(3]
15 %
1.24
1.46
4.05
4.48
1.74
1.04
0.66
0.51
0.46
0.53
0.54

0.04

Badaczew-

ski

et al.

(WAXS)

(1]

15 %

2.22

1.92

0.85

0.94

0.46

0.86

Pfaff, Bada-
czewski et al.

(WANS) [2]

15%

2.23

Combined WANS data
Grenoble & Pfaff, Bada-
czewski et al. (WANS) [2]

5%

0.4

0.57

0.57
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S7.3. Microstructure parameters for the low softening-point pitch (LSPP) temperature series

Table S25 Comparison of the average stack height L. in A for WANS data for the low softening-
point pitch temperature series measured in this study, WAXS data measured by Badaczewski et al.
(WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally, the
WANS data from this study from Grenoble were combined with WANS data from Pfaff, Badaczewski
et al. [2]

Combined WANS
data Grenoble &

This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski

Grenoble (WANS)  (WAXS) [1] etal. (WANS) [2]  etal. (WANS) [2]
Max Error 5% 15% 15% 5%
LSSP 20 9A
LSSP 400 12A
LSSP 500 25A
LSSP 600 20 A
LSSP 700 15A
LSSP 800 12A
LSSP 900 13A
LSSP 1000 13A
LSSP 1200 14.6 A 19A 17A 18.7A
LSSP 1500 2 A
LSSP 1800 25.5A 100 A 74.5 A
LSSP 2500 69.4 A 72 A
(Scherrer) (25 % error) 140 A (WAXS: 130 A)
LSSP 2800  ¢7.8 A 77 A
(Scherrer) (25 % error) (WAXS: 149 A)
LSSP 3000 695 A 78 A

260 A

(Scherrer) (25 % error) (WAXS: 171 A)
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Table S26 Comparison of the average number of layers per stack N for WANS data for the low
softening-point pitch temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,
Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]
Max Error 7.5 % 15% 15% 7.5%
LSSP 20 3
LSSP 400 3
LSSP 500 7
LSSP 600 6
LSSP 700 4
LSSP 800 4
LSSP 900 4
LSSP 1000 4
LSSP 1200 4.1 5 5 53
LSSP 1500 12
LSSP 1800 7.4 29 21.6
LSSP 2500
20.3 (25 % error) 41
(Scherrer)
LSSP 2800
20.0 (25 % error)
(Scherrer)
LSSP 3000
20.6 (25 % error) 77
(Scherrer)
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Table S27 Comparison of the average stack height @z in A for WANS data for the low softening-

point pitch temperature series measured in this study, WAXS data measured by Badaczewski et al.
(WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally, the
WANS data from this study from Grenoble were combined with WANS data from Pfaff, Badaczewski

et al. [2]
Combined WANS
data Grenoble &
This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS)[1] etal. (WANS) [2] etal. (WANS) [2]
Max Error 0.1 % 2 % 2% 0.1%
LSSP 20 3.55A
LSSP 400 3.50A
LSSP 500 3.46 A
LSSP 600 347 A
LSSP 700 3.44 A
LSSP 800 342 A
LSSP 900 3.44 A
LSSP 1000 3.45A
LSSP 1200 3.54 A 3.45A 348 A 3514
LSSP 1500 3.44 A
LSSP 1800 3.43 A 3.43A 345A
LSSP 2500
342 A 2 %error) 3.41A
(Scherrer)
LSSP 2800
3.39 A (2 % error)
(Scherrer)
LSSP 3000
338 A2 %error) 3.36 A
(Scherrer)
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Table $28 Comparison of the minimal stack height a3 min in A in A for WANS data for the low

softening-point pitch temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,

Badaczewski et al. [2]

This study Loeh et al.

Grenoble (WANS)
Max Error 2%
LSSP 20
LSSP 400
LSSP 500
LSSP 600
LSSP 700
LSSP 800
LSSP 900
LSSP 1000
LSSP 1200 321 A
LSSP 1500
LSSP 1800 2.76 A

LSSP 2500
(Scherrer)

LSSP 2800
(Scherrer)
LSSP 3000

(Scherrer)

(WAXS)[1]

12 %

3 A (min fit value)
3 A (min fit value)
3 A (min fit value)
3 A (min fit value)
3 A (min fit value)
3 A (min fit value)
3 A (min fit value)
3 A (min fit value)
3 A (min fit value)

3 A (min fit value)

Pfaff, Badaczewski
et al. (WANS) [2]

3 A (min fit value)

3 A (min fit value)

Combined WANS
data Grenoble &
Pfaff, Badaczewski
et al. (WANS) [2]

2%

3.11A

336 A
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Table S29  Comparison of the standard deviation of the layer distance o3 in A for WANS data for the

low softening-point pitch temperature series measured in this study, WAXS data measured by
Badaczewski et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2].
Additionally, the WANS data from this study from Grenoble were combined with WANS data from

Pfaff, Badaczewski et al. [2]

This study Loeh et al.

Grenoble (WANS) (WAXS) [1]
Max Error 3.3 % 10 %
LSSP 20 0.34 A
LSSP 400 0.28 A
LSSP 500 027 A
LSSP 600 0.28 A
LSSP 700 027 A
LSSP 800 0.24 A
LSSP 900 0.26 A
LSSP 1000 0.25A
LSSP 1200 035A 0.22 A
LSSP 1500 0.19 A

LSSP 1800 0.07 A

LSSP 2500
(Scherrer)

LSSP 2800
(Scherrer)
LSSP 3000

(Scherrer)

Combined WANS

data Grenoble &
Pfaff, Badaczewski Pfaff, Badaczewski
etal. (WANS) [2]  etal. (WANS) [2]

10 % 33%
031 A 0.36 A
0.12 A 0.13 A
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Table S30 Comparison of the homogeneity of the stacks # for WANS data for the low softening-
point pitch temperature series measured in this study, WAXS data measured by Badaczewski et al.
(WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally, the
WANS data from this study from Grenoble were combined with WANS data from Pfaff, Badaczewski
etal. [2]

Combined WANS
data Grenoble &

This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error 0.3 % 5% 5% 0.3%

LSSP 20 0.78

LSSP 400 0.71

LSSP 500 0.67

LSSP 600 0.68

LSSP 700 0.81

LSSP 800 0.96

LSSP 900 0.97

LSSP 1000 1 (max value)

LSSP 1200 1 (max value) 1 (max value) 1 (max value) 1 (max value)

LSSP 1500 1 (max value)

LSSP 1800 1 (max value) 1 (max value) 0.99

LSSP 2500

(Scherrer)

LSSP 2800

(Scherrer)

LSSP 3000

(Scherrer)
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Comparison of the average layer extension L, in A for WANS data for the low softening-

point pitch temperature series measured in this study, WAXS data measured by Badaczewski et al.
(WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally, the
WANS data from this study from Grenoble were combined with WANS data from Pfaff, Badaczewski

et al. [2]
Combined WANS
‘O data Grenoble &
OQO This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]
Max Error 10 % 15% 15% 10 %
LSSP 20 10 A
LSSP 400 124
LSSP 500 12A
LSSP 600 14 A
LSSP 700 14 A
LSSP 800 17A
LSSP 900 23 A
LSSP 1000 29A
LSSP 1200 22.5A 39A 27A 40.0 A
LSSP 1500 56 A
LSSP 1800 49.9 A 126 A 76.2 A
LSSP 2500
(Scherrer)
LSSP 2800
(Scherrer)
LSSP 3000
(Scherrer)
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Table S32 Comparison of the average C-C bond length /.. for WANS data for the low softening-
point pitch temperature series measured in this study, WAXS data measured by Badaczewski et al.
(WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally, the
WANS data from this study from Grenoble were combined with WANS data from Pfaff, Badaczewski
etal. [2]

Combined WANS

data Grenoble &
© l This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]
Max Error 0.1 % 0.4 % 0.4 % 0.1 %
LSSP 20 1.411 A
LSSP 400 1.414 A
LSSP 500 1.409 A
LSSP 600 1416 A
LSSP 700 1.413 A
LSSP 800 1.409 A
LSSP 900 1.414 A
LSSP 1000 1413 A
LSSP 1200 1.4176 A 1.412 A 1.418 A 1.4182 A
LSSP 1500 1416 A
LSSP 1800  1.4209 A 1.421 A 1.4215 A
LSSP 2500

(Scherrer) 1.4063 A
LSSP 2800

(Scherrer)  1.413 A
LSSP 3000

(Scherrer)  1.3382 A
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Table S33 Comparison of the layer disorder o1 for WANS data for the low softening-point pitch
temperature series measured in this study, WAXS data measured by Badaczewski et al. (WAXS) [1]
and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally, the WANS data
from this study from Grenoble were combined with WANS data from Pfaff, Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error 2% 12 % 12 % 2%

LSSP 20 0.165

LSSP 400 0.178

LSSP 500 0.163

LSSP 600 0.171

LSSP 700 0.156

LSSP 800 0.146

LSSP 900 0.132

LSSP 1000 0.128

LSSP 1200 0.061 0.127 0.062 0.07

LSSP 1500 0.109

LSSP 1800 0.052 0.032 0.045

LSSP 2500

(Scherrer)

LSSP 2800

(Scherrer)

LSSP 3000

(Scherrer)
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Table S34 Comparison of the polydispersity of the layer extension stack height x, for WANS data
for the low softening-point pitch temperature series measured in this study, WAXS data measured by
Badaczewski et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2].
In general, is x, fixed to a fixed value x, = 1/v. Additionally, the WANS data from this study from
Grenoble were combined with WANS data from Pfaff, Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error 0% (v="7) 0% (v=4) 0% (v=4) 0% (v=17)

LSSP 20 0.25

LSSP 400 0.25

LSSP 500 0.25

LSSP 600 0.25

LSSP 700 0.25

LSSP 800 0.25

LSSP 900 0.25

LSSP 1000 0.25

LSSP 1200 0.14 0.25 0.25 0.14

LSSP 1500 0.25

LSSP 1800 0.14 0.25 0.14

LSSP 2500

(Scherrer)

LSSP 2800

(Scherrer)

LSSP 3000

(Scherrer)
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Table S35 Comparison of the polydispersity of the stack height x. for WANS data for the low
softening-point pitch temperature series measured in this study, WAXS data measured by Badaczewski
et al. (WAXS) [1] and WANS data measured by Pfaff, Badaczewski et al. (WANS) [2]. Additionally,
the WANS data from this study from Grenoble were combined with WANS data from Pfaff,

Badaczewski et al. [2]

Combined WANS
data Grenoble &

This study Loeh et al. Pfaff, Badaczewski Pfaff, Badaczewski
Grenoble (WANS) (WAXS) [1] etal. (WANS) [2] etal. (WANS) [2]

Max Error 15 % 15% 15% 15 %

LSSP 20 1.24

LSSP 400 1.25

LSSP 500 3.78

LSSP 600 2.55

LSSP 700 1.38

LSSP 800 1.13

LSSP 900 0.7

LSSP 1000 0.52

LSSP 1200 0.44 0.43 0.63 1.67

LSSP 1500 0.46

LSSP 1800 0.58 0.11 0.27

LSSP 2500

(Scherrer)

LSSP 2800

(Scherrer)

LSSP 3000

(Scherrer)
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6.5.3. Abbildung 8
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Graphitic carbons’ unique attributes have attracted worldwide interest towards their
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