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ABSTRACT

Si-M-N (M=metal) ceramic nanocompositesre novel materialthat combinghe advantages of both ceramics
and metals Additionally, a variety of intriguing functional propertiese observed in the metaiodified
ceramics due to the formation afsecond phase, which revesspromising applications in the fields of optics
(e.g, light-emitting diodes), semiconductors, catalysis and energy techndlogy.now, most of themetat
modified nana@ompositesare fabricatedby using traditional powder techniques, but the grain sifethe
compositesare limited to the micrometer rangend the dispersion of metal particlssnot homogeneous
Polymetrderived ceramicgoute is widely considered as a promisiragpproachin the synthesis ofnovel
nanocompositesyherethe nanocompositeseaderived from the corresponding singleurce precursors and
exhibit improved structural and functional properties due to thgquemanostructuresThis Ph.D. thesiss
focusal on the synthesisof ternary Si-M-N ceramics derived from singkource preasors with tailored
compositions and structuresvhich were synthesized via the chemical modification of polysilazane with
metallic compoundsThe main objective of this research isstady the chemical modificatiasf the precursors
and nancstructures ofSi-M-N ceramicsand to gain a diter understanidg of the effectcaused bythe
modification with different metallic compounds on the structures and properties of resultant ceramic

nanaomposites

In the present researchkinglesource precursors with vad compositions and striuces were synthesized by
chemical modificatiorof perhydropolysilazan€PHPS)with transitionmetal compoundsSi-Hf-N, Si-V-N(O)
and SiFe-N(O) singlesource precursors were synthesideg using TDMAH, VO(acag) and Fe(acas)
respectively AmorphoussinglephaseSi-M-N ceramics were prepareda the subsequent creaking and
pyrolysis underan ammonia atmospher@he synthess of these preceramic polymerem investigated by
means ofpectroscopic techniques includiR@-IR, Raman and solid MAS NMR spectroscopyd he results
indicatedthe formation ofexpected transitiometatmodified precursorsThen, the structural evolution during
the polymeitto-ceramicconversionof the precursors was monitorgdth FT-IR measurementd he prepared
materials were investigated with respect kart crystallization behaviar and phasecompositions using
spectroscopic techniques together with-ray diffraction (XRD), elemental analysis (EA) and
scanning/transmission electron microscopyNISEEM). Annealing experiments on tt&-M-N ceramics were
performed ina nitrogenatmospherat temperatures ranging from 1100 to 18G0leading to the conversion of
the amorphous materials intoystallinenanocomposites. It was foundh a & n @8i;Ny were obtainedn the
Si-M-N compositesluring thehigh-temperature treatmeandbuilt a matrix while the transitiormetals forned
different crystallitessuch asmetal nitrids (HfN, VN and FeN), pure metal :Fe) and metal silicidgFe;Si)
dependhg on the intrinsic characteristics of transitioretals andsintering temperaturesand these metal
containing crystallites homogeneouslydispersed in the silicon nitride matriXhe high-temperature phase

separation and crystallization befas of the StM-N ceramicsvereintensivelyinvestigated.

ABSTRACT



The focus was firgg placed on the synthesis mbvel polymerderived SiHfNceramis. They wereprepared via
the pyrolysis of a singlesource precursor which was synthesized by the chemicaliomalsétween
perhydropolysilazangPHPS) and tetrakis(dimethylamido) hafnium(IMJTDMAH). The hafniummodified
PHPS precursotonvertupon heat treatmenin an ammonia atmospher@ 1000 € into an XRD amorphous
singlephase SHf,0sdN1.32 ceramicand remaned amorphous even aftannealing at 140@€ in a nitrogen
atmosphereThe PHPSderived ceramievithout modificationshowed a composition of $Nq 7; at 1000 € and
stared to crystallize atl300 €. The electron microscopy investigation exhibited thia¢ fannealing of the
highly homogeneous singfghase SiHfN ceramic inducedocal enrichment (clustering) of hafnium, leading to
amorphous HfN/SilNnanocompositest he modification withTDMAH not only increasgthe nitrogen content
of the ceramic materialbut also efficiently improves the high-temperature stabilityof the SiN, against
crystallization greatly. Annealing in nitrogen tal600 € resulted ina phase separatiprand crystallized
HfN/SisN, nanocomposite was obtainethe U t 0-Sishl, phase transformation was greatly inhibited in the
SiHfN ceramics at 180€ . Extensive STEM characterizatisnf the polycrystalline nanocomposites indicated
further substitutional and interstitial doping of hafniunSigN,.

An amorphous sigle-phase SiVN(O) ceramic was prepared via the ammonolysis of the corresponding single
source precurspwhich was synthesized by the chemical modification of PHPS weittadyl acetylacetonate
(VO(acac)). Theasobtained SIN(O) ceramicexhibitedhigh-tenmperatureresistanceagainstcrystallizationup
to 1400€. Annealing at 1600 € causeda phase separatioand intensive crystallizatiomAs a resultthe
nanocomposite composed ofNY U a n d-Si;My was obtainedFurther investigation suggestdtat the
introduction of VO(acag)promotedthe U t 0-Sisbl, phase transformation d600 € , anda VN/b-SisN,
nanocompositavas obtainedwhenthe samplevas annealed at 160D . Furthermore mesoporous SiVN(O)
ceramics with high specific surface af&ESA) were successfully prepared by usipglystyrene (PSas self-
sacrificial template via a onepot synthesisAfter crosslinking and pyrolysis inan ammonia atmosphere at
1000€ , amesoporousSiVN(O) ceramic witha SSAof 506 nf/g wasproduced Both thespecificsurface area
and pore sizélistribution of themesoporous ceramicanbe adjusted by changing thenountof PS template
in the feed Moreover,the mesoporous SiVN(O) ceramsiexhibited good structural stability up to 14@D

(SSAmaintairedca. 200 nf/g), butatotal collapse of the mesoporostsuctures was observed at 16@D.

A SiFeN(O) precursowas synthesized by the reaction of PHPS with iron(ll) acetylacetonate (Fe a&@att)e
formation of SiO-Fe bondsThe pyrolysis of SiFeN(O) precursim ammoniainduced a phase separatiavith

the formation ofFeN at 600€ , and therthe F&N decomposed intt}Fe by increasing the temperatute
1000 € . Crystalline F&Si was obtainedwhen the temperature was over 1208 . The observatioh
demonstratedhat themodification with Fe(acac) had aconsiderable influence on the phase separation and
crystallizationbehavios of the ceramis. Subsequentlya SiFeN(O)-based ceramic paper with-gitu generated
hierarchical micro/naneorphology was prepared by pyrolyziadilter paper templatéhatwasmodified with

a SIF&N(O) precursarAfter ammonolysis at 100€ , the obtainedSiFeN(O}based ceramic papelecorated

with crystalline U-Fe had the same morphology as that of theedpaper templateUltra-long silicon nitride
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nanowires with great aspect ratios (~200 nm in diameter and several milimetangth) werdan-situ formed

in alarge quantity both on the surface and in theep@fthe ceramigaper whenthe ceramic paper was further
annealed imitrogen at temperatusdrom 1200 to 1400 € The nanowires exhibitearound FgSi tip at the
end indicating thathe growthof onedimensionalnanostructuresccurred viaan iron-catalyzed VLS(vapor
liquid-solid) mechanismandthe length angield of nanowires can be controlled by adjusting éxperimental
conditions including temperatures and tlagdition of Fe(acag) Therefore, he combirmation of the single
source precursoiatalystassisted pyrolysiand template methoprovides a convenienbnepot route for the

fabrication of ceramic paper and edinensional structuresith high yield.

In summary, the present Ph.D waokoved thatSi-M-N singlesource precursors can Bgnthesizedsia the
PDC route bymodifying PHPS with different metallic compounds, and amorphousMSN singlephase
ceramics can be obtaineslia pyrolysis of the corresponding precursor®olymer-derived ceramic
nanocompositexzomposedof X/SisN; (X = metal, metal nitride ormetal silicide) witha homogenous
microstructurecan beprepared by furtheannealingat higrer temperature This thesis providesomenew
insights intothe design and synthissof metaimodified precursor@and enable the productionof Si-M-N

ceramic nanocomposites \tlae PDC approach.
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ZUSAMMENFASSUNG

Keramische SM-N (M = Metall) Nanokomposite sind eine neue Materialklasse, welche die positiven
Eigenschaften von keramischen und metallischen Materialien kombinieren. Es wurdeeibaéaszinierender
funktioneller Eigenschaften in solchen Materialien entdeckt, die auf die Bildung einer zweiten Phase
zurickzufithren sind. Diese Eigenschaften ermdylichen die potentielle Nutzung dieser Materialien in Bereichen
der Optik, Halbleiter, Katalysator und Energietechnologie. Bisher wurden die meisten metallmodifizierten
Nanokomposite mit traditionellen Pulv8interverfahren hergestellt, was zu Korngrden im Mikrometerbereich
fihrt und zu keiner homogenen Verteilung der Metallpartikel @r deramischen Matrix fihrt. Die Synthese

von Keramiken durch polymerische Pr&ursoren (polymer derived ceramics, PDC) ist ein allgemein anerkannte:
Verfahren fiir die Synthese neuer Materialien. Die Nanokomposite werden direkt aus Einkomponentpr&ursoren
hergestellt und besitzen dank deren besonderen Nanostruktur verbesserte strukturelle und funktionell
Eigenschaften. Diese Dissertation befasst sich (berwiegend mit der Synthese ternder keramiddhgr Si
Nanokomposite, die aus Einkomponentpr&ursoren milyyeschnittener Zusammensetzung und Struktur
abgeleitet sind. Die Pr&ursoren wurden durch chemische Modifikationen an Polysilazanen mit metallischen
Verbindungen synthetisiert. Der Schwerpunkt dieser Arbeit liegt auf der Untersuchung der chemischer
Modifikationen der Pr&ursoren und den damit einhergehenden Mikrostrukturen der keramisdWieN Si
Nanokomposite. Mit dem Ziel mehr Verstadnis (ber die Einflisse der Modifikationen mit unterschiedlichen
metallischen Verbindungen auf die Strukturen und Eigeafsam der hergestellten keramischen Komposite zu

erhalten.

In der vorliegenden Arbeit wurden Einkomponentenpr&ursoren mit variierenden Zusammensetzungen unc
Strukturen durch chemische Modifikationsreaktionen zwischen Perhydropolysilazan (PHPS) und
Ubergangsmetallverbindungen hergestellt-F§iN, SiV-N(O) und SiFe-N(O) Einkomponentenpr&ursoren
wurden jeweils mit TDMAH, VO(acagund Fe(acag)synthetisiert. Amorphe einphasigel8iN Keramiken
wurden durch Vernetzung und Pyrolyse unter Ammoniak Atmosphgrhalten. Die Synthese der
prekeramischen Polymere wurde mit Hilfe von spektroskopischen Techniken Wi R&man und Festkdper

MAS NMR untersucht. Die Ergebnisse deuten auf die Bildung gewinschter Ubergangsmedéfizierten
Pr&ursoren hin. Die sukturelle Entwicklung der Pr&ursoren in der PolyrmrKeramik Umwandlung wurde

mit FT-IR Messungen (berwacht. Die erhaltenerM&iN Keramiken wurden auf deren Kristallisationsverhalten

und Phasenzusammensetzungen hin  mit spektroskopischen TechnikerigeriRéugung (XRD),
Elementaranalyse (EA) und Rastemd Transmissionselektronenmikroskopie (REM und TEM) untersucht.
Temperversuche wurden bei den hergestelltel -8 Keramiken bei Temperaturen von 1100 € bis 1800 €

in Stickstoff Atmosphé&e durchgefilt, was zu einer Umwandlung der amorphen einphasigen Keramiken in
kristalline  Nanokomposite fihrte. Es wird gezeigt, das§s und Bb-SisN, Phasen durch
Hochtemperaturbehandlungen entstanden sind und sich als Matrix in den Nanokompsiten eingebettet haben. [

Ubergangsmetalle bilden in Abhangigkeit von den intrinsischen Eigenschaften der Ubergangsmetalle und
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Behandlungstemperaen verschiedene Kristallite wie Metallnitride (HfN, VN und./¥¢ rei negs) Met
und Metallsilicide (Fe5i), die in der Siliziumnitridmatrix homogen verteilt sind. Die
Hochtemperaturphasentrennung und das Kristallizationsverhalten dérNSKeramken wurden intensiv

untersucht.

Der Schwerpunkt bildet die Untersuchung und Synthese der neuartigen polymerabgeleiteten SiHfN Keramiker
welche durch Pyrolyse der Einkomponentenpr&ursoren entstanden. Die hierfli verwendeten
Einkomponentenpr&ursoren ergan sich aus der chemischen Reaktion zwischen Perhydropolysilazan (PHPS)
und Tetrakis(dimethylamido)hafnium(lV) (TDMAH). Die hafniummodifizierten PHP&ursoren wurden bei

1000 € in Ammoniak Atmosphée pyrolysiert und zu einer amorphen einphasiggff,gidN: .32 Keramik
verwandelt. Anschliel®&nd wurde Phasentrennung wérend des Temperns bei 1400 € beobachtet, wobei ihre
amorphe Struktur erhalten blieb. Polymerabgeleitete Keramiken aus reinem PHPS wiesen eine
Zusammensetzung von ;Np7; bei 1000 € auf, wobei deren Kiristallisation bei 1300 € begann. Die
elektronenmikroskopische Untersuchung zeigt, dass sich wdrend des Temperns von homogenen, einphasig
SiHfN lokale Anreicherung (Clustering) von Hafnium bildeten, welche dann zur weiteren Transforimation
einen amorphen HfN/SiNx Nanokomposit fihrten. Die Modifikation mit TDMAH erhdt nicht nur den
Stickstoff Anteil in den Materialien, sondern auch die Hochtemperaturstabilitdi vaN, Sjegen die
Kristallisation. Tempern von SiHfN in Stickstoff bei 16€D fihrte zur Phasentrennung und Bildung von
kristallisierten HfN/SiN,. Auchd e Phasent r an SigNarursaN, istanrdenSibiiN Kélamiken

bei 1800 € stark unterdrickt. Umfangreiche RTEM Charakterisierungen der polykristallinen Nanokomposite

deuten auf Substitutionsdotierung und interstitielle Dotierung vom Hafmu®aN, hin.

Eine amorphe einphasige SiVN(O) Keramik wurde per Ammonolyse des entsprechenden
Einkomponentenpr&ursors, der durch chemische Modifikation von PHPS mit Vanadylacetylacetonat
(VO(acac)) hergestellt wurde, synthetisiert. Die erhaltene SiVNK@jamik zeigte einen Widerstand gegen
Kristallisation bis zu 1400 €. Tempern bei 1600 € fihrte zu einer Phasentrennung und intensiver
Kristallisation. Als Folge davon, wurde ein Nanokp o s i t |, das -n aSN, zusammevsdtzt, U
erhalten. Weitere Untersuchungen zeigten, dass die Modifikation mit VO{aiadyhasentransformation von
USikNsz u-SifpNsbei 1600 AC v &SiNs Nahakdmposite aud SiWNKD) érhalten wen. Des
Weiteren wurden mesoporége SiVN(O) Keramiken mit hoher spezifischer Oberflche mit Polystyrol (PS) als
Opfertemplat durch Eintopfreaktionen erfolgreich hergestellt. Nach der Vernetzung und Pyrolyse in Ammoniak
Atmosphée bei 1000 € wurde eine mepore SiVN(O) Keramik mit einer spezifischen Oberfl&che von 506
m?/g hergestellt. Sowohl die spezifische Oberfl&he als auch die Porengrdnverteilung sind durch den Anteil
der eingesetzten PS Schablone einstellbar. Auferdem zeigte die mesopor&e SRAXE@)K gute strukturelle
Stabilitd bis 1400 € (Die spezifische Oberfliche blieb bei ca. 208/g), allerdings wurde der Zusammenbruch

der mesoporéen Strukturen bei 1600 € beobachtet.
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Ein SiFeN(O) Pr&ursor wurde durch die chemische Modifikation \RIHPS mit Eisen(ll)acetylacetonat
(Fe(acag) durch die Bildung von SD-Fe Bindungen synthetisiert. Durch Pyrolyse des SiFeN(O) Pr&ursors in
Ammoniak wurde eine Phasentrennung mit der Bildung vosi bei 600 € induziert. Bei der Erhdhung der
Temperatuauf 1000 € zersetzte sich dasfe z -#e. Weiteres Erhinen der Temperatur auf 1200 € leitete

die Bildung von kristallinen R8i ein. Diese Beobachtung zeigt, dass die Einfthrung von Fe(aeawn
betr&htlichen Einfluss auf die Phasentrennung und #asstallisationsverhalten der Keramik ausibt.
Anschlief®nd wurde ein SiFeN(@asiertes Keramikpapier mit -Bitu generierter hierarchischer Mikro
/Nanomorphologie durch Pyrolyse einer mit einem SiFeN(O) Pr&ursor modifizierten Filterpapierschablone
hergestellt. Nach einer Ammonolyse bei 1000 € besitzte das SiFeM@)erte Keramikpapier, dasit

kr i st aHeddkarietwurde, dieselbe Morphologie wie die der Papierschabloneldoige Siliziumnitrid
Nanofasern mit hohen Aspektverhdtnis (~200 nm im Durchmesser und mehrere Millmeter in der Lénge)
wurden in einer grof®n Menge-situ auf é&r Oberfl&éhe und in den Poren des Keramikpapiers geformt, wenn
das Keramikpapier in Stickstoff Atomsphde von 1200 € auf 1400 € weiter geheizt wurde. Die Nanofasern
haben runde R8i Spitzen an einem Ende, was darauf hinweil}, dass das Wachstum denegisidnalen
Nanostruktur durch einen Eisénatalysierten DampFlissigkeit-Feststoff Mechanismus herbeigefihrt wurde.

Die Ldnge und der Ertrag der Nanofasern sind durch die Einstellung der Versuchsparameter wie Temperatu
und der Fe(acac)2 Menge kontretlbar. Deswegen bietet sich eine Kombination von
Einkomponentenpr&ursoren, katalysatorunterstiizte Pyrolyse und Templatmethode als eine passende Eintopi

Route fir die Herstellung von Keramikpapieren und eindimensionalen Nanostrukturen mit hohen Enr&en

Zusammenfassend beweill die vorliegende Dissertation, dafd-Nsi Einkomponentenpr&ursoren per
chemische Madifikation von PHPS mit verschiedenen metallischen Verbindungen herstellbar sind und amorph
einphasige SM-N Keramiken durch deren Pyrolysbalten werden k&nen. Auflerdem sind Polymer
abgeleitete keramische Nanokomposite, bestehend ausNX(Si = Metall, Metallnitrid, Metallsilicid, usw.),

mit einer homogenen Mikrostruktur durch weiteres Sintern bei hohen Temperaturen hergestellt. Cigse Arb
wirft neue Einblicke in das Design und die Synthese von metallmodifizierten Pr&ursoren und ermdlicht die

Herstellung von keramischen-Bi-N Nanokompositen durch die PDC Route.
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1. INTRODUCTION AND MOTIVATION

Ternary SiM-N (M = metal) materials have attracted the attention of researchers in recentsiyemt)ey

exhibit excellent stability against decomposition and crystallization as well as good mechanical and interestin
electrical properties “. SiM-N ceramics such as SiTdN/, SiMoN?, SiTiN® " and SCN'® have beemighly
evaluated for their physical propertimsterms of hardness and wear resistance,-tégtperaturestability and
oxidation resistance”, and they are used as protective coatings against wear and as diffusiors barrier
metallizationsmoreover effective work function values spannindl8 to 4.8 eV and higk dielectricsare also
observed for these materiafs making them attractive candidates for next generation nano/micro electro
mechanical systems (NEMS/MEMS).

However, SiM-N singlephase ceramgcand multiphase nammomposite with an uniform distribution of
elements is difficult to achiey@wing to the low diffusion coefficient of O, C, N and metals in SiC agd,Si
This obstacle is difficult to overcome by traditional m®rtechniques, anthianyattempts have been made to
produceSi-M-N ceramis with homogeneous distribution. CVD (chemical vapor depositighD (atomic
layer depositionpnd reactive magnetron sputterimgthods are reported to be applied in the fabrinatfoSi
M-N material§™; howeverthese methodare mostly usé to prepare films and coatingstarenot suitable for
producing monolite or componerg with complex structuse Therefore Polymerderived ceramicgPDC9
route exhibits its particular advantages in the fabrication wietatmodified singlephase ceramics and
correspondingceramicnana@omposite. PDCshave been studied and developed for decaai@as$ sibstantial
achievements have been made in understanding the natureapipttoaches well asthe relationship between
the precursors and ceramicSome PDCs have realized largisale productionand many PDCs with high
performance have been adoptedhe aerospadadustry, automobile industry and MEM®DCs display many
excellent properties like high strength, excellent oxidation and corrosion resisRIDECs. exhibit some
particular properties, whichre difficult to be acquired by conventional @paches, such as the outstanding
stability with respect to crystallization and decomposition, designable ability of preceramic polymers, easy

processing anthe existence ofvell-distributed chemical component

The best advantages of PDCs are the easgyepsability andhe designable ability of polymer molecules: the
easy processability makes @ promising candidate for the fabrication of ceramic fibers, coatings and
components with complex shagm microscopic dimensions; while theoleculardesignabity makesit easy to
synthesize the preceramic precursor with tunable chemical compoditiocreateceramics with different
structuresBased orthe molecular designability and abundant reactive functional grogial elements can be
transferredto the preceramicpolymer skeleton by the chemical reaction ofb&sed precursors with
organometallic compounds, and the metal elements can disperse in the precursors homoganéuoeisly
molecular level. By following pyrolysis, amorphous singlese ceramsc can be producedCeramic

nanaomposites withiefined nanostructusecan be easily obtaindd/ annealinghe sampleat high temperature
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because the singlghase ceramics are thermodynaatticunstablewhile metal oxides, nitrides and silicides are
relaive stable at high temperature.

Transition meta and their derivative® (g, oxides,nitridesand silicide} are materials with not only excellent
physical and mechanical performance but also attractive functional properties fcdesepartially filled d
subshell. Most of the transition metal nitrides have extremely high melting points-@iyC) and they are
frequently referred to as refractory nitrigl@s addition, they have important commercial valsiemning from
thdar extreme hardnes3.he transition metal nitrides have begmreasinglyused in the micr@lectronic field
such as integrated circuitry based on their electrical propeFtiassition metalsnodified PDCs have attracted
researchesattentiors because fotheir excellent propertiesind some interesting resultave beerpublished
Recentlythe synthesis dfiafnium alkaide-modified polysiloxandave beemepored'” *: the obtained SHf-
C-O ceramics witmanarystalline hafnia homogeneouslgispersed in the matriare found to possess better
thermal stability with respect to decomposition at high temperature. In addition, the haimiglified polymer
derived SICN(Q)is also achieved via chemical modification of a polysilazane and of a risitdaane with
hafnium(IV) nbutoxide'* **; the hafnium compound reaawith the both precursorsind its influence on the
microstructure evolution and crystallization behavior of the materials were fully studiégde monolithic
SIC/HfC N, -based ceraminanocomposites are prepared via the siaglérce precursowhich is synthesized
by the reaction of polycarbosilane and TDMAdhdthe hafniummodified ceramics show enhanced microwave
absorption capability and potential application in electromagnetécfémence’®. Bulk nanocomposigwith
amorphous SN, matrix homogeneously embedded with TiN crystallitase beemchieved viahe PDCs route
and they display Vickers hardness as high as 25.1 GPaNew hybrid materialsveremade bya reaction of
polydimethylsiloxane and vanadium tarnyloxide, and the hybrid is metastable and showed a strong
phosphorescence at low temperattire. A novel type of periodic mesoporous organosilica (PMO) embedded
with vanadyl acetylacetonatbas ben synthegied, and it exhib# a remarkable catalyst for selective
hydroxylation of benzene to phefidl A variety of Sibased precursorbave beenmodified with iron
compounds, and the resultant iroontaining ceamics exhibitinterestingmagnetic propeits”’ and enhanced
catalysis propei¢s®”; moreover, the iron could act as a catalyst antpte the generation of owkmensional

nanostructures’.

All of the above mentioned results exhibit the intriguing properties and promising prospect of transition metal
modified PDCsDepending on the transition metalffdient ceramic phasesn beformed It is obviousthat
the constitution and nanostructures of the final cerararescontrolled bythe designof metatcontaining

precursorsand these transition metalgy/stallitesendow the materials novel properties.

In the present Ph.D work, different transition metals (hafpivemadiumand iror) are introduced into
perhydropolysilazane (PHPS) via chemical modification, with the purpose of synthesizing thenowbfid
singlesource precursors and therrespondingeramicnanocompositedn a study of SiHf-N ternary system

a novel oxygenfree metallic compound named tetrakis(dimethylamido) hafnium(lV) (TDMASi)adopted.
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Vanadyl acetylacetonate (VO(acgolas used as the vanadium source for the synthesis of(SiMMecursor
because it lmsuitablereactivity with PHPS and vanadium was easy to be reduced under ammioorgll)
acetylacetonate (Fe(acgcyvas used to synthesize SiFeN(O) preceramic polyhiemce, this thesis is mainly
focused on the following pics

0 (1) The essential key aspect in the present thegis developnovel SiM-N ceramic nanocomposites with
refined structure via th®DC method starting from the synthesis of-Bi-N singlesource precursors by
chemical modification othe commercidly available precursor perhydropolysilazane with different metallic
compounds including TDMAH, VO(acacnd Fe(acag)

0 (2) Investigaton ofthe chemical reaction between perhydropolysilazane and metallic compounds.

0 (3) Investigatbn of the polymefto-ceramic conversion of the singdeurce precursors and theasained

singlephase ceramics.

0 (4) Processin@f Si-M-N ceramic nanocomposites, investigating the phase separation, crystallization behavior
and nanostructure of the nanocomposites ahelying the influences on the structures of the final

nanaomposites caused by theroduction withdifferent transition metals.
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2. LITERATURE REVIEW

2.1 Terms and definitions

2.1.1 Polymerderived ceramics (PDCs)

The processingdf polymerderived ceramicsRDCs) is a method using preceramic polymers as precursors for
the production of advanced ceramithe PDCroute is a relatively young technology for the manufacturing of
ceramic materialsand it has brought significant technological breakthroughs foraogc science and

technology and offered a verity of advantages for the ceramic materials over conventional routes.

In the 1960s, a kind of Shased nonoxide ceramic derived from a precursor was firstly reported by Ainger and
Herbert”?, Chantrell and Poppét; this isusually consideretb bethe pioneer work in théeld of PDCs. Then
Verbeek and colleagués reported the fabrication of a series ofNgior SiC fibers derived from pyrolyzing
different precursors such as polysilazanes, polysiloxanes and polycarbosilanes. cEssfgLipreparation of

SiC ceramis via the pyrolysis of polycarbosilanes precursors, whiets published by Yajima”, Fritz and
Raab€&, brought significant developments and initéhgenew stage in thigeld of PDCs. Nowadaysthe PDC

route is a promising chemical process as attested by the massive research results reported and increasin
commercial development of different precursors to producemaashapes in a way not known from other
techniques. A large mber of material components with complex structures which are difficult to achieve by
traditional methods, such as ceramic fibers, coatings, ceramic adhastyegramic matrix compositeae
successfully prepared via the PDQute. The polymer precursoprovide ceramics with a tailored chemical
composition and a closely defined nanostructure. The chemical and physical properties of the precerami
precursors, as well as the derived ceramics, can be easily designed and tailored at the molecularsiagel by u
different reactionsMoreover, the active functional groupspailymerprecursors enablefarther modification

of the precursorsand then new ceramic materials with high purity and homogeneous distribution of the
elements at the nanoscale could reppred. In addition, the precursors can be dinked to a three
dimensional unmeltable green body, which is the precondition for the fabrication of monolithic ceramic
components with complicated structures. The polyto@eramic transformationanbe decreased to relatively

low temperatures (< 100T), which is much lower than that of traditional powder sintering met(ibaDO -

2000°C); therefore, the PDC method hasver energy consumption.

The properties of PDCs strongly depend on the chemicapasition and polymer structures. Appropriate
chemical modification and optimal processing routes also play important roles on the final structures of the
ceramics, and then the performance and functional properties of the ceramics. The covalent berRIB@s th
such as SC, SiN and SiC-N bonds endow excellent chemical, physical and mechanical properties, and PDCs
usually exhibit outstanding stability in terms of crystallization, phase separation, creep and oxidation at higt

temperatures anth harsh envonmens. Another advantage presented by PDCs is that th@& be used to
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manufacture ternary systemmisch asSiCN andSiOC as well as the quaternary systesmsh asSiBCN, SIAICN,

SIBCO and SiCNO ceramics. iBhis because carbon and nitrogen cannot flissin SgN4, and SiC,
respectively, (similarly, carbon and oxygen cannot dissolve in &@ SiC), while boron and metaavelow
diffusion coefficiensin SiC and SiN,4, andeven the blend of naRmowders cannot achieve the ideal result due

to the aggreation of naneparticles. Therefore, these ternary and quaternary ceramics can only be achieved
using PDCroute. Hitherto, countless polymer precursors and derived ceramics have been synthesized anc
studiedin detail There are many kinds of classificatiorethods for these preceramics according to different
standards such as constitutes and functiamdusually, they are classified on the basis of the element linked to

silicon in the backbone of the polymer molecuthe main types are shownhigure2-1.
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Figure2-1. Main types of Sbased precursors for PDQ¢=metals)

A large amounbf materials with excellent properti¢isat are made from PDGCse already derived from the
numerousSi-based precursors mentioned above. For instance, peljeneed SiCN ceramics exhibited creep
and oxidation resistance in the high temperature range from 1000 to°C580 SiBCN ceramics show
extremdy high temperature stability with respect to decompositewen up to 2000 2200 °C in an inert
atmospheré’; the silicon oxycarbide (SiOC) ceramic synthesized at 1200exhibits uniquly high
piezoresistivity, leading to strain sensitivities (k factorsyb5" *“. It can be expected that, in the near future,
PDCs will have much wider prospect and promising application in the field of structural components-for high
temperature, functional materials, nano/micleck#o mechanical systems (NEMS/ MEMS), energy and

biomedical science.
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2.1.2 Polymerderived ceramic nanocomposites (PDOICs)

Nanocompositeareone typeof material thatonsistsof at least two Gibbsian phases with different properties,
and one of thens at the nanacale They exhibit a homogeneous structure on macape but they havea
heterogeneous microstructure and possess improved properties with respect to their components. The concep
nanocomposite was firstly proposed by Roy and Komalriiemand then it obtained considerable development
and achievement due to thentdbution of H. Gleiter on namwystalline materials”. A large amount of
nanocomposite materials have beeodpiced and intssively studied in last decadbscause of the remarkable
improvement in their properties by reducing the size of the components towards the nanoscale, and the materi
with anticipateeand even exceptionglroperties can be obtained viattiesign and synthesis of nanocomposite
materials. Based on the micro/nastoucture, nanocomposite materials can be classified with connectivity
which is a classic concept proposed by Newnftanthe connectivity within a composite material is the critical
factor affecting the properties of multiphase materiayscontrolling the connectivity present in the materials,

the properties gachange in several orders of magnitude.

By combining the PDCs and nanocomposites, a new class of ceramic nanocomposites namedi@dlater
ceramic nanocomposites (PEMICs) has been suggested and received increased atténtienent years.
Similar to PDC materials, PDENCs can also be produced via polyr@iceramic transformation of suitable
polymeric precursors, resulting in amorphous shpglase ceramics by preliminary pyrolysis at reldgiiew
temperaturgafter beingphase separated, binary multiphase ceramic nanocomposites could be obtained by
subsequent he@iteatment at higher temperatures. The internal nanostructures endoW®@x8at aremore
interesting ane@xhibit excellent propertiesompared ta@onventional ceramiahatenable the to be promising
candidates as structural and functional materMEanwhile, one of the most significaatlvancements dhe
precursor method is the design ability of the polymer moleculesrethe chemical and physical properties of
the PDCNCs can b controlled and adjusted as required by the modification of the preceramic polymers.

In general, the singlsource precursors for PDICs materials can be synthesized by the chemical modification
of Sibased preceramic polymers with inorganic/organic ammgs such as metal alkoxides, metal amido
complexes as well as bor@ontaining compounds. Innather way PDGNCs can also be prepared \aa
active filler controlled pyrolysis (AFCOP) process by blending the precursors with active fikersétallic:

B, Ti, Cr, V or intermetallic.: MoSj CrSi), and then a nearetshape monolith with low porosity can be
prepaed via the pyrolytic conversio®DCs modified with metals asn important way for the preparation of
PDCGNCs with novel functional propees This has been extensively investigated in recent yeard many
nanocomposite materials with improved thermomechanical and intriguirgdidoal propertieshave been

obtained
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2.1.3 Polymerderived ceramics (PDCs) modified with metals

Ceramics andnetals are two kinds of the oldest materials with very different algpuoperties, performance

and applications. Faa long time, numerous ways have been tried to mix these two materials together in the
hope of preparing a novel ceranmtal composite raterialin order to corhine the properties of two. The PDC
route is a novel technologhat produes ceramics by thermolysis of polymer precursors, and it offers a new
perspective and method for the manufacturessmiecmetal composite In thissystem,a ceramiamatrix can

be obtained from the Siased polymer during pyrolysis, and metallic partiabesphases structured on a
nanccale can be achieved due to the reductive conditions and noble character. Due to the designed ceran
matrix disturbed \wthin the homogeneous metallic ngplwase, intriguing functional properties were observed in
the metalmodified PDCs, which reveal great potential and exhibit promising applications in the fields of optics
(light-emitting diodes), semiconductors, catalysis andrgy technologyBased on publishedtudies the

pathway for preparation of metalodified PDCs can be roughly classifietb three types

0 (a) Precursors are simpphysicallyblended with metal, metal oxides, metal nitrides, metal carbides or metal

silicides, which are chemically inert to the raw precursors.
0 (b) Metalcontaining organic precursors are synthesized from original metallopolymers.
0 (c) The existing precursors are chemically modified with metallic organic compounds.

In route (a), metalgr metal oxide, nitrides, silicides) are physically mixed with polymer precursors without
forming any chemical bondindnere,metatcontained PDCs are produced by the subsequentlankisgy and
ceramizationHoweverthe inorganic metallic compounds drardly uniformlydispersedn the ceramic matrix

and the particles (or metallic phasap difficult to reach the nargize due to the agglomeration, ewghen
metallic naneparticles araused;consequently, the properties and performance are restriotedute (b), the

metal atoms are chemically bonded to the monomer units from the beginning, and the desired nanoparticles ¢
be designed in the precursors and subsequently obtained after the pyhéysgthelessthe synthesis of

metallopolymers requed complex steps and high cost, which limits the development of this approach.

Compared with the forméwo, route (c) is a versatile and economic approach, in which the metal atoms would
transfer from the organic metallic complex to the polymer precuatsain via chemical reactions, giving rise to

the so-called metamodified SSR then metabnhanced PDCs are yielded by pyrolysis. This precursor
modification approach is considered advantageous, owing to the homogeneous distribution of the metal at ¢
atamic level,its ease of structural design, wide applicability, empientof commercially available precursors
andthatthe obtainedceramicsexhibit outstanding performanc&herefore route (c) has gradually beme the

focus inrecent studiegndmanyadievements have beemade
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2.2 Silicon nitride

Silicon nitride (SiNg) is one of the major structural ceramics watveralproperties such as high flexural
strength, good fracture resistance, great creep resistance and ultrahigh haddgesaly, studies focus
primarily to the challenge to manufacture a suitable material for gas turbine engines which can serve a
structural components at high temperature. ThB,Sieramic engingrograns had only partial success, but
theyled to a better understand of SkN4 and of its processing and properties. To this danyadvanced and
versatile properties of i, have been discoverednd numerous research have beepored: SiN,; with
different structures and morphologies suehfitms, membranes, nanges and porous ceramics have been
fabricated;also, SisN; was also developed to be applied in the fields of battery, catalysis, gas absorption and
filtration, and these explorations have achieved good results. Based on the pprud@ssit canbe suggsted

that SiN,4 is an advanced material and has huge potential in the future.

2.2.1 Development history of silicon nitride

As one of the oldest chemical materials, the existence 3bf, 8an be traced back to the prehistory of the
earth’®. Additionally, evidence for theaturalexistence of $N, in the galaxy was also disvered” *. As a
versatile structural material, 88I; exhibits outstanding chemical, physical and mectamooperties. The first
research concerning a synthetiN$was reported by Devilla n d  Win 185@"; later, the production of
SisN, by the carbothermal reduction of Si@Onder nitrogen was published in a Germen patent 8618
Simultaneously, the studies on the chemical formula and atomic structureNefw&is carried out, @hthe
silicon and nitrogen of stoichiometry close to 3 : 4 was reviewed by Weiss and EngéltarditoyW™ h 1%e r
respectively. Sincéhe 1950s, SIN, was accepted as a refractory mateaiadl begario be applied as a bonding
phase for SiC and oxide refractories, crucibles fort@mometals, rocket nozzles atigermocouple tubethat
worked over 1372C"“?. Because of the excellent hitggmperatureroperties and resistance to thermal shock,
the further development of §8l, ceramics was promoted and resulted in the successful fabrication of a wide
range of commercial §N, components for internal combustion engifiesThereafter, intensive worksexe
focused on the applications of;Sj at temperatures over 137C asatomic energy jets and rockets well as

the manufacture of famous reaction bonded silicon nitride (RBSN), which was formed by nitriding silicon

powder compacts in the temperatunegen 1100 1450°C.

The high strength and hardness ofNgiare the intrinsic propertieshat stemfrom the highenergy covalent
chemical bonds, which provided the material excellent physical and mechaaricalnancespn the contrary,
they were disadvdages in sinterig processes. As is wedhown, theself-diffusivity in SisN,4 is quite low and

atomic species become sufficiently mobile for densification at ultrahigh temperaugme1850°C, where the
SizN,4 begins to decompose. A significant breaktlgio was achieved in 196@herefully dense SiN4 ceramics

with improved strength were obtained by dpo¢ssing (HPSN, for short) with the help of sintering additives
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such as MgN,, MgO and AJO;* ““. Later, with the improvements of powder manufacture and ceramic
forming techniques, a series of silicon nitride ceramics were developed, such as sintered silicon nitride (SSN
hot isostatically pressed silicon nitride (HIPSN) and tledi-known solid solution SiAIONs (Sialon).

2.2.2 Structures and properties of silicon nitride
2.2.2.1Usilicon nitride and b-silicon nitride

With the help of detailed Xay diffractometry examinations, two major crystallographic modifications of
silicon nitride were discovered, they wddeand b-phases, and both appeared to be hexagonal with the same
chemical compositions (have 3:4 stoichiometry) and similar measured densities (approximatetyn3)2Tthe

c-axis dimension of the unit cell of th&Si;N, was approximately twice that of theSisN,. As shown irFigure

2-2, the crystal structure is based on the phenacitgS({Bg type, in which the O atoms are replaced by N and

the Be atoms by Si. Each Si atom is at the center of a tetrahedron, while the nitrogen is in trigonal an
approximately planar coordinati by three silicon atoms, to link three $iRrahedra. The unit cell df-SisN,4

is consisted of $Ng, and was assigned tioe space grou6y/m by Hardie and Jack'. The structure f -Sil,

was later determined to be closely related to thabeBisN,; it hada unit cell composition of &N andwas

assigned to the space grdepic.

Usually, it is considered th&tSi;sN, is the steady phase at elevated temperatured}&atl, can be converted

to b-SizN, with prolonged annealing at high temperatures. This transformation contains the breakage anc
reformation of SiN bonds in each unit cell, with a change in one nitrogen position and a small displacement of
neighboring atoms. Sonstudiesindicated that thé&} to b-SisN, transformation is impurity controlled, such as
oxygen'?; they play an importanrole in this process and le&dl the formation of a liquid phase through the
reconstructive transformatiohlowever, the reverse transformation fréato U-Si;N, has never been observed

to date. With the protection of inert atmosphere, silicon mitddn keep stable to at ledg00°C. By further

increasing the temperatures;igjdoes not melt but dissociates into silicon and nitrogen.

SisN4 (s)Y 3Si(g,]) + 2N (9)
jf \
%
\} _0

/ / - /
/ g SI
/

\/ \/

Figure2-2. Schematic crystal structures of ambipregssure hexagonBiSisN, (space grou6s/m, No. 176)

with all Si-atoms in tetrahedral {#ld) coordinations
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2.2.2.29-silicon nitride with spinel structure

In 1999, Zerr and Riedel reported the synthesis of a third polymorph of silicon nitride with a cubic spinel
structuré’”. This new phase was termedaeSisN, (or ¢ -SisN,), which was prepared at pressmbove 15 GPa

and temperatures exceeding 200M¥Kutilizing the technique of laser heating in a diamond cell-QAC).

This 2-SisN; can persist metastably in air at ambient pressure to at least 700 K, and tipeinitipte
calculations suggested that the bulk and shganoduli of 2-SizN,4 could beas high as 300 GPa and 340 GPa,
respectively. These results were comparable to those of the hardest known oxide, stishovit@res$igh
phase of Si(z')[so], and much hi ghanmdSiMs anakingoisigNs ecomef the third hardest
material after diamond and cubic BN. A bulk modulus gER90(5) GPa and shear modulus @i 148 ( 16
GPa were obtainedytexperiment measurementlateyr and t hey were boamdShMygher
5253 |n the unit cellshown inFigure2-3, one third of the Si atoms are tetedhally coordinated to nitrogemnd

two thirds of the Si atoms are octalrally coordinated to nitrogemvhich are firstly observed in the nitride

spinel.Thehigh coordination resudin a high densitywith a25% increase, over 4 gef

Figure2-3. Schematic crytal structures of higipressure cubic spinelSizN,4 (space grou-d 3m, No. 227)
with Si-atoms in both octahedral (lightey spheres) and tetrahedral (grey tetrahedrons) coordinations

The highpressure and higtemperature conditions are essential for the synthefsis-Si;N,, and three
approacks have been developéi):the first method was carried out in the {DAC device§” */, but the yield
waslimited. Some other approaches were developed in order to efficiently syntheSizé, with large scale
(i) Schwarz et al2” reported thab-SisN, with dimensions up to fim x 3.5 mm (mass=6.4 mg) was prepared
by means of mukanvil presses(iii) cubic SkN, was also obtained by a shock wave synthésis', and
powdered-SisN, can be fabricated byshock wave (above 20 GPa) carried on the mixtute of b-SisN, and
copper powdersatalyst” °?. 0-Si;N, was reported to show particular optical performafic@he mainly direct
electronic band gaps with values could span the whole visible wavelength @uidhe measured electronic
band gap value and the calculated exciton binding energy walo&SisN, were 4.80.2 eV and 333 meV,
respectively”, indicaing that the spinesilicon nitrides and their soligolutiors were prospective candidates
for optoelectronic devices such as lighting applications with chemical and mechanical stabilities.
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2.2.3 Properties and applications of silicon nitride

SisN4 received a lot of attentiomndexhibitedversatile applications in many different fields. In the 19508\,Si
became commercially availabler the first time andwas developed as a refractory bonding phase
Nowadays, nitriddbonded SiC components have become one of the most important applicationhl foargi

the annual output of i, powder was estimated to be between-380 tanes. Reactiotvonded silicon nitride
(RBSN) is one of the classic and represeévdaapplicationsBy the nitridation reaction of loosely packed
silicon powders, a monolithic $i, replica of the original shape with considerable strength was obftdined
Subsequently, RBSN was selectesdaamajor material for service in the hottest zones of a ceramicnase
engine. The porosity of asbtained RBSN was 255%, but the strength could still be as high as-200 MPa,
combined with the high creep resistanbéggh thermal shock resistanes well as the low cost of starting
materials All the mentioned advantages made the RBSN ceramics an attractive candidate for the thermocoupl
sheaths and cruciblés. The main drawbacks of RBSN are the difficulties of controllable microstructure and

the high energcost due to the slow reactitwonding process at high temperattire

Nowadays, due to the more excellent wear resistance, higher modulus, lower friction and lower density with
respect to metal materials, derssicon nitride @ramic materials have been exploited for turbocharger rotors,
turbine blades and in various wear parts for engines. Because the friction and rolling contact fatigue rates ¢
SisN, are low™ Y, coupled withhigh wear resistance, high stiffness and low densitg\.Sbearings can serve

much longer than conventional higkdansity steel and hatletal bearings. Becauséthe low lattice mobility

of silicon and nitrogen as well as the high temperature decompositiogNaf 8&&nse material was difficult to
achieve with increasing temperature and resulted in microstructural coarSenitng pressing ahhot isostatic
pressing are the common ways to produce dense ceramics by pessssted sintering, andsNi, made in

these approaches gains improvements in density and strength. Usually, oxides and nitrides sintering additiv
such as YOs, Al,Os;, MgO andMgsN, were introduced into @i, in order to prepare dense materials, and MgO

was considered as the most effective '6ne

Thin amorphous silicon nitride films are regarded as ortee@fnost important manufacturing accomplishments
because of its wide applitans in the semiconductor device figfd™”. Amorphous SN, films exhibited a
variety of outstanding propertiesuch as high electrical resistivity (£@ m), hardness, chemical inertness and
low permeability toward sodium, oxygen and hydrogetl. Amorphous SN, films with thickness of 10200

nm were widely employed in the silicdrased itegrated circuits, as a substitute or supplement foy f8is,

and SiN, films made it possible for the fabrication of integrated circuits components with controlled doped
layers.Later, amorphous $bi, films are further developed as a passivation layedkali or moisture diffusion,
amaskinglayer to prevent oxidatigrmnd so ofi’. After years of intensive researchesNgiceramic films were
successfully prepared with the support of chemical vapor deposition (CVD) techifigigy adopting
advanced techniques such as plasma enhancement CVD (PECVD) and low pressure CVD (EPCl4Dje
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scale production of &, films can be easily prepared on silicon and other substrates at a relatively low
temperature and in a higipeed.

In recentyears, more and more attentidrvas been concentrated on the nonlinear optics and electronic
performanceof SiN,. The silicon nitrige platform exhibits great competence and potential in nonlinear optics
applications owing to their low linear loss, relatively large nonlinearities compared to those of typical fibers and
their negligible nonlinear loss at telecommunication wavelendths. first nonlinear optical study of SiN

waveguides was reported by Ikeetaal! "> "

. Later,asizeable secondrder nonlinearity at optical wavelengths

was reported to be prepared in a Si waveguide with a stressing silicon nitride oVétlaviereover
stoichiometric silicon nitride resonators have been reported to exhibit considerable quality factor (Q) exceedin
one million, which is the key feature for a good resonator, owing to its intrinsic high tensile stress. But the
insulating nature of N, has blocked development. Electrical integration is usually composed of capacitive
coupled with conducting resonatpterefore, a massive effort has been made to metallikk @®isonators by
deposition of metals such as chromi{imaluminum’® and gold, and the results indicated that the electrical
properties were significantly enhan¢édt thequality factor was degraded dramatically. Otkardiesput their
attention on the fabrication of $8i,-graphene/carbon nanotube (CNT) hyhrigterostructure materials®, in

which the excellent electrical and thermal properties of graphene&3Nw¥ell as the mechanical capacity of
SisN, are integrated togethet” ®). At last, based on the high strength and fracture resistance;Nf iSi
extreme conditions, combined with its biocompatibility and visibility on plain radiographs as a partially

radiolucent matéal’®> ©°

, SkN, was expected to show its capability time biomedical field. It has been
employed in spinal fusion implants ahdsbeen developed for bearing components of prosthetic hixraeel
joints. Cervical spacers and spinal fusion devices made;Nf S8omposites have already come into use and

achieved good sheteérm clinical result§”; surgical screws and plates made gN$are alsdeingtesed ™.

In conclusion, silicon nitride is an important material with diverse propeh#san be applied to many aspects
With further researcln the chemistry and microstructures of silicon nitride materials, a deeper understanding
of the relationship é&tween the structures and properties can be established, and then this traditional cerami

material can regenerate and make a greater contribution.

2.2.4 Synthesis of silicon nitride

With the rapid development of materials, silicon nitride with hightpwras urgently demanded because the
significant influence of impurity for the high temperature properties of sintegdld Bas recognized. Oxygen
is one of the most critical factothat affects the performances of;8j. Oxygen can exist in each paftéas
either internal oxygen or as a nanometer surface layer of S$ON,, and this phenomenon dmmes more
apparent on the nanopowdeith high surface area, resulting irns/$j with a much higher oxygen content and a

greater proportion of surface oxygdbarbon is another important factor in theNgimaterials Carboncan be
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present as amorphous carbon or gragikgecarbon and reacts with8l, to form SiC at high temperature via a
carbothermal reaction. Except for the RBSN and silicon nitride filimsussed above, quite a large amount of
silicon nitride have been produced in the form of powders every lyetire next section, the common methods

of manufacturing silicon nitride will be introduced.

2.2.4.1 Conventional routes

The carbothermal redtion of SiQ, powder under nitrogen is considertx be the earliest route for i,
production and now it is the most cesffective industrial procedure for the fabrication of hjghi r i-Si;y, U
powder because of the simple technology process angtdstwof, nontoxic and environmentally saf@aw
materials®® °”. The reactants are usually required to be processed into fine powders in order to obtain a higt
surface area for an ireased reaction rate. The temperature of reaction should be controlled between 1450 anc
1500°C strictly, because the reaction kinetic is extremely slow below 4@50/hile thermalynamically stable

SiC will be the main product whethe temperature is ovel500°C. In addition totemperaturecontrol the

partial pressure of oxygen and CO played important roles in the carbothermal reduction. If the oxygen partia
pressure is too high, carbon reactant will react with oxygen rather thanoSi@m CQ while the high partial
pressure of CO will suppress the reduction reactlort last, productsare annealed in air at 6@8%0 °C to

remove the residual carbon.

3Si0,+6C+2N=USiN,+6CO (g) (at 145A500°C)
The synthesis method of .8, powder via the nitridation of silicon powder was achieved in the 1960s, and it
was the first largscale method for the preparation ofN&i powdef”. The direct nitridation reaction is
exothermic, while silicon melts at 142€; hence, temperature control becomes the key factor in this approach.
Higher temperature will cause the fast melt of silicon particles, and then the liqrod siill fuse together into
larger globules instead of wetting the partial coating of silicon nitride, resultingié@trease of the effective
surface area for the direct nitridation reactionBy adoptimy anappropriate catalysuch as ironthe kinetics of

the direct nitridation reaction can tmeproved *.

3Si+2N=USikN, (at 13001400°C)
Silicon diimide could decompose by heat treatment and initially lead to the production of amorphiQus Si
which can be further converted tan USisN, crystal by sintering at 1400500 °C under a nitrogen
atmospheré® °). Because amorphous;8i with high purity can be obtained, this synthesis route has become
the second most iportant way for commercial $, production.In this approach, the critical factor is the
synthesis othe starting diimide reactant, which is synthesized by the reaction betweemaSiCammonia at
approximately °C. Subsequently, by heatatment at @00 °C in a N, atmosphere, Si(NH)can decompose

into amorphous SiN,.

SiCl, (I) + 6 NH; Y Si(NH), (s) + 4 NHCI (s) (at 0°C)
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3 Si(NH), Y (amorphous) SN+ N, (g) + 3 H(g) (at 1000C)
By means of the reactions of vapor phase raw chemical nate3ig\N, powders in avery pure state can be
obtainedwith homogeneous sizat the nano scale. Cannoret al. reported the successful preparation of
nanosized SN, powders by using CQaser and plasma energized reactions of silane and ammonia. The sizes
of the SiN, nanoparticles are typically in the range from 10 to 25 nm. Subsequently, equiSi@t can be
produced byurthersintering”™ *°.

3 SiH, (g) + 4 NH; (g) Y (amorphous) SN, + 12 H (g)
2.2.4.2 Polymerderived ceramics (PDCs) route

Polymetderived ceramics (PDCs) processing is a kind of method using preceramic polymers as precursors fc
the production of silicobased advanced ceramics. As discusseddtiose2.1.1, the PDQoute is a relatively

young technology for the manufacturing of ceramiaterials;it brings significant breakthroughs for the
ceramic science and technology and affervariety of advantages for ceramic materials over conventional

routes.

Polysilazaneis an important precursor for the fabrication of SICN ogNgiceramics. They are usually
inexpensiveand a great variety of derivativase commercially available. Polysilazanes are a kind of organic
Si-based polymer in the generalranla [SiRR,-N],. The synthesis and characterization of polysilazanes can be
traced back to 1885, then some more related repogarneredattention 60 years latét. Polysilazane
precursors are mostly synthesized by ammonolysis reactions of chlorosilanes with ammonia or by aminolysi
with different primaryamines™®. This synthesis route was firstly reported byidfer and Rochow in 1964,
followed with the successful production of small diameter ceramic fibers derived from polymeric carbosilazanes
by Verbeek®. These series of pioneering work opens the way arsittey/foundation for the synthesis and
application of higkperformance polysilazane precursddewadays.extensive activities have been devoted to

the preparation and optimization of higiolecularweight polysilazanes, and many different synthesis routes
for polysilazanes have been discovered and reported. dbeatassical and common methods among them are
ammonolysis, aminolysi§” ‘¥, hydrazinolysis”, dehydrogenation couplifif’ and ringopening
polymerization™® ', Due to the proper reactivity of chlorosilan#se low cost of ammonia (amine) arhe

ea® of industrialization, ammonolysis ana@minolysis have become the major approacteesproducing
polysilazanes. The basic synthesis reaction equations of polysilazanes is shogurer2-4, N-H reacts with

Si-Cl and formsa Si-N bond. Further condeaton mayoccurbetween two NH groups'™, and the SH group
assigned to silanes could further react withilgroups°? to enhance the degree of crdisting and molecular

weight.
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Figure2-4. Brief synthesis routes to polysilazanes via ammonolysis and aminolysis

Presently, various polysilazanes witlideed structure andonstituetts are synthesized by ammonolysis of the
mixture of different chlorosilanes, which éso known as cammonolysis. Linear and branched polysilazanes
can be easily produced by using monochlorosilane (as terminator), dichlorosilane (as chain extender) an
trichlorosilane (as branching agerdnd functional groups such as C=C[ C and phenyl can also be simply

introduced (se€igure2-5).

co-ammonolysis

R R R R R R

| | | + NH; [ [ | |
R- %1 Cl+Cl- 91 Cl+Cl- q. -Cl —-NH o R- Si NH*&SIi—NHHSi—NHFSIi—R

R R c] R R m NH "R

I 1 I
R =H, Me, Ph, Vinyl, etc

Figure2-5. Co.ammonolysis reaction of different chlorosilanes, | = monochlorosilane, Il = dichlorosilane, Il =
trichlorosilane

2.3 Preparation of polymer-derived ceramic nanocomposites (PDGICs)

2.3.1 Synthesis of silicorbased polymer precursor

The molecular structure and elementary composiafgrreceramic polymerare two determining factors for the
microstructure angbroperties of the final ceramics producedother words, by designing th@ecursors, the

PDCs with expected chemical and phybigeoperties can be achieved. simplified general formula of Si

based precursors can be presented asSi#X],"'%. In the formulathe X group is I@ated in the backbone of

the polymer moleculaand there is a strong covalent bonding between Si and X, therefore, the change of X has
primary and critical influence on the nature of the precursamg numerous precursors can be basically
categorized aarding to different X groupspf instance, polysilanes with X=Si, polycarbosilanes wittaKy,
polysilazanes wittK=amido, polysiloxanes with X8, and polysilylcarbodiimides with X = [N=C=N], they are

also the most representativeldised precursors. Wi the side groups Rand R have asecondary impact on

the properties of precursors, they can be freely replaced by many different kinds of functional ajydupe
thermal stability, solubility, rheological property and chemical redgtoan be tabred and modifiecs well as

the ceramic yield and functional properties of theemived ceramicd.he polymerprecursors can be modified

and designed on the molecular level, which is also the key point for the formation of ceramics with novel
compositon and extraordinary and singular performar&e.shown inFigure 2-6, RSiCl,, (x = 03, R =

organic group) are the most important raw materials for the synthesis of precursors due to their high reactivity
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commaecial ability and low cost. Therthe synthesis of silicebased precursors are usually achieved by the
reaction between organic chlorosilanes and alkali metal such as lithium/ sodium/ potassium or ammonia/amine

or water to yield polysilanes, polycarbasgikes, polysilazanes and polysiloxanes, respectively.

R
s, TSt
R
+Na .
& TchncW- NaCl
R + Li-R'-Li R R
I Ho Toluene | +H-0 |
-I-Sli-C i— <|:U (‘l-%i-(ﬁl? —[-%i-O
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Figure2-6. Synthesis routes of common organosilicon polymer precursors

2.3.2 Synthesis of metamodified single-source precursors

The emphasis of this section is relatedhe preparation of singleource precursors by chemical modification
of Si-based precursors with metal organic compounds and their resultingNEBCIn order to improve the
performance of PDCs, a series of metalgre doped into precursors, and-Mi#C-N-(O) ceramic
nanocomposite were prepared by subsequent hgattment. Sbased polymer precursors such as
polycarbosilanesand polysilazanes can be chemically modified with various metal alkoxide, metal acetyl
acetonates and metal amido complexes. Thezethree reaction pathways of precursors with regdnic are

briefly reviewed

(a) The reaction between-Based precursors with oxygeonntaining metal compounds such as metal alkoxides,
metal acetyl acetonates and metal carboogtzur, and Si-M, Si-O-M or N-M bonds could be formed with the

release of alkanes or acetyl acetonateprioglucts.

(b) Polymer precursors react with traditional oxygéee metal compounds such as metal halides
metallocene as well as metal hydridasdmetatmodified precursorsan be obtained with the formation of Si
M or N-M bonds.

(c) Precursors can be modified by novel metal amido complex®s then the amine ligand is released.
Different from the two former methods, this is a more advanced and convenient chemical approaoh and

oxide nanocomposites can be obtained simply.
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2.4.2.1 Chemical modification of precursors with oxygeigtontaining metal compounds

As a kind of commercial and widely applicable precursor, PCS has been researched and modified with differer
metallic conpounds. It is reported to be modified with metal alkoxides with the formationr@f\sibonds"*";
howeer, no obvious and clear evidence for the chemical reaction mechhagineerprovided and metal
alkoxide was even considered to be physically doped into the PCS!atfior the reaction of PCS moditi

with metal acetylacetonatesnly the decrease of the intensity off6bonds and the release of acetylacetonate
were observed® ¥, From above all, the reactions between PCS and metal alkoxides and acetylacetonates ar

ambiguous due to the rehati low reactivity.
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1 Si—C +Si—c
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Figure2-7. Chemical modification of PC®ith zirconiumalkoxides™.

Polysiloxanes, whiclare preceramic polymerfor the fabrication of silicon oxycarbide ceramics, can also be
chemically modified with metal alkoxides such as zirconiuprapoxide or hafnium rbutoxide because of the
reactive functional groupsuch aghe hydroxyl and alkoxy groups **?. In the reaction between polysiloxanes
and metal alkoxides, not only the strong decrease of the amouriGi $onds and the high crelsking
degree of precursors were observed, but also the formation-GtMsSiunits was detected by HR
measuemens. This is strongevidence for the chemical reaction of polysiloxanes and metal alkoxides, and it

further demonstrates that the metal homogeneously dispersed in the polymeric network in an atomic scale.
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| I (I |
M=Zr, R="Pr
M = Hf, R ="Bu - ROHH+ M(OR),
S M

.0 om
—Sli{o—siil:[o-slito-sii—

Figure2-8. Chemicamodification of a polysilsesquioxane with zirconium or hafnium alkoXidées'.

Polysilazanesreanothe kind of precursorshat arefrequently modified by metallic compounds. Based on the
availability of reactive SH, N-H and vinyl functionalities contained in these precursors, they show a very good
crosslinking behavior and allow the introduction of rabatoms into the polymer chairihe ligands assigned

to the metallic compounds may be released or become a part of-dhetlassized precursors. The covalent

bonds between the metal ions and the precursors may be built up by the chemical reactibis &mal i
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necessary stage for the preparation of metehmic composites in order to avoid the loss of metal via
sublimation during the following pyrolysis.

Perhydropolysilazanegre reported to react with titaniurdomitoxide, but the chemical reactionsvabserved to
occur only at the MH groups . While HTT 1800 (a methyland vinytsubstituted polysilazanes) can &iso
modified with M(OR), (such as hafnim n-butoxide ),andthe Raman and NMR investigation confirmed that
the reaction can take place at bothHSand NH groups of HTT 1800". By comparing thee studies above
mentioned, it can be concluded that different reactivities of the polymeric precursors resadt rrettH
modified SSP with different structures, and theorresponding ceramics with various microstructures and
functional properties may be acquired.

H H
(a) H H . | <A |
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Figure2-9. Chemical reaction of polysilazanes with titanium and hafniunxalks: (a) PHPS reacts with
Ti(O'Pr)/**%; (b) HTT1800 reacts with Hf(tBu),“.

The usage of metal carbonyls was also proposed on account of their advantageous rdadtitkigy tcan
initiate hydrosilylation and dehydimoupling reactions even at room temperature. The reaction of preceramic
polymers with metal carbonyls was initially investigated by Seyferth and coworkers on the metallocenes
modified polysilazanes and palgrbosilanés'” **?. Due to the active Sil groups assigned to polycarbosilanes,

an opportunity is provided to react with polynuclear metal carbonyls such as Egfe@O),,, Ca(CO) and
Rus(CO).,. As a result, the crodmking degree and ceramic yield are improved. The formation of ceramics
doped with intermetallic compounds such ag3t®r CgSi were achieved and confirmed by XRD and TEM

20 siC fibers cotaining nanosizd U-Fe crystallites were fabricated via the modification of PCS with
Fe(CO)'*". Soft magnetic properties ofl &he samples mentioned above were also investigated and the value
of magnetizationis determined by the amount of the metallic particles as well as tmgatallinity.
Unfortunately, metal carbonyls aextremelyvolatile and poisonougnd theymay vapoize in the process of

the ceramic formation at high temperature, leading to the uncontrollable content of additional metals; besides,

large number of the CO ligands are incorporated into the precuesmizng to an oxide ceramic matrix.
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Figure2-10. Synthesis reaction between acetylgstituted polycarbosilane and Co carbdfiyl

In addition, some novel oxygerontaining metallic complexelsave also beenattempted to be used in the
chemical modification of precamic precursis. For examplenovel Nipolysilazane precursors were reported

to be synthesized using polysilazane and transfais{oetanoN,O) diacetatenickel(I1)]'**?. Interestingly,

the Ni atoms did not directly connect to the Si oof\the polysilazane backbonen the contrary, the nickel
nanoparticles formeth situ during the synthesis of Miontainingprecursors. By subsequent h&aatment, a
nanopoous silicon oxycarbonitride ceramic was obtained, and a construction of turbostratic carbon was alsc
formed due to the reactions catalyzed by nickel nanoparticleish were homogeneously dispersed in the
SICN(O) matrix.

2.4.2.2 Chemical modification ofrecursors with oxygenfree metal compounds

As a result of using alkoxides or acetyl acetonates, oxygen is also irdoihic the resultant ceramics, and
sometime®xide phases have an adverse effect on the highetamope performance of ceramid$heefore, the
oxygenfree metal compounds have caught researdlvenscern.A new type of oxygefiree hyperbranched
polysilazane containing iron precursor was reported to by synthesized by the polycondensation ahd-eCl
silazane lithium saltsvhich were poduced from the reaction of silazane witiBuLi (Figure 2-11)!"*? After
pyrolysis, SiCNFe ceramic with controlling electrical and magnetic properties was prepared. Similarly, another
nonoxide ironcontairing liquid precursor was synthesikzeBy reacing polyvinylsilazane with FeGlin the
absence of a catalyst, the iroantaining precursovascured at 130C, and a ferromagnetic ceramictwh-FeU
was obtained at only 500C"**%. TiCl, was alsoemployed in the modification of Siased polymer precursors
via this appoachin order to prepare TiC/Si@nd TiN/SizN, ceramic composites with excellent thermo
mechanical properties and uHnggh temperature resistance. However, the developmettiiofapproach is
restricted by one obvious disadvantatigt s, it is difficult to removethe unreacted Fe¢TiCl, and formed

LiCl by-product completely due to their poor solubility in organic solvents.

Ry R Ri R, R4R3S1 - SiR|R,
ST BuLi Sl —>F6Cl3 RiR By
i o BuLi IS RiR
W,Sl\ N H-B H w51 -Li -LiCl rnesi - Fe ,Silﬂfv
R; Ry R3 R4 WSi‘N TSivn
R;R, R;R,

Figure2-11. Chemical mdification of polysilazanes with FeCf”.
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Bis(cyclopentadienyl)M dichloride (GMCI,, M = transition metal) can be used as catalytic agents on the
dehydrogenative polycondensation offSgroups of Sbased precursors. Tsirlif! took CpZrCl, and PCS as

raw materials to prepare naxide ZrPCS polymer fiber. Afterwards, a series of SIC/MC (M = Tiazd Hf)
ceramic composites were fabricated through the reaction of precursors with correspongih@l,Cp
complexes”®. The absence of oxygen in the composition of the polymers is an advantage for the fabrication of
high performance ceramic materials. The clloggng reaction is catalyzed by the S4Cl,, and firal products

with high ceramic yield are acquired. &ugroup published the synthesis of SiC/ZrC/C ceramic composites
derived from PCSI/GZrCl, hybrid precurs@™’, and the results uggested that dehydrocoupling,
hydrosilylation and dehydrochlorication are involved in the clioging and responsible for the high ceramic
yield. Moreover, they synthesized a novel processable hyperbranched polyferrocenylcarbosilanes using PCS a
vinyl ferrocene with Rtatalysis“?, a selfcatalytic effect of ferrocenyl units on dehydrocoupling whserved

in the curing procesandthe asobtained SiC/C/Fe nanocomposite demonstrated an interesting microstructure
tha -F&nanoparticles dispersed in the SiC/C matrix homogenedTist)-Fe nanoparticlesvere separated by

the turbostratic carbon layers located at crystal boundary. Thus, bis(cyclopentadienyl) metal complexes can
incorporated to the Siased polymein addition to the catalytic actiolt can also acas a suitable alternative
source of metal and open a new synthetic route toward the fabricatiof€CefNyiM ceramics nanocomposites.
Finally, a poly(aluminasilazane)s precur§orwas reported to be gared via the modification of PHPS with
aluminum hydride (trimethylaminalane) The introduction of aluminum hydride could improve the cilogs

degree of the precursor via dehydrocoupling, and the pyrolyzed residues from the precursors were composed

silicon nitride and B wurtzite-type compound.

il AlHyNM i i
T = i == A,
H H H/Al;NMe_; H A1NMe,
H" “H

Figure2-12. Chemical reaction between PHPS and trimethylaralape’*.
2.4.2.3 Chemical modification of precursors with metal amido complexes

Recently, amido mat complexs have ben usedas a new source of metad modify precursors. Amido
complexes have the following advantages: (i) they can be synthesized in high yields on a large scale ar
demonstrate good solubility in common organic solvents; (ii) they are oygerchemica, and they contain

the similar elementary compositions asathof Si-based precursors, which can avoid the addition of any alien
element into the resultant ceramiesid (iii) almost all of the transition metals are addressable, ingdahe
coordination ompounds of many transition metals can be prepared and used for doping, showing a promising

applicability.
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In the mid1990s, the metal amido complexgarneredattention andvereused to chemically modify precursors.
Solid metatcontaining singlesource pecursors [N(SI(NMg3)(Ti(NMey),)] and
N(SiMe;)[Si(NMe,)3][ Ti(NMe,)s] for SiTICN ceramics have been synthesized by Wagner and Jahskater,

Hapke and Zielgr reported novel liquid organometallic precursihist were prepared by the chemical reaction

of Ti(NMe,), with three types of polysilazanes precursors with different side groupafter pyrolysis in

argon, SiTiCN ceramics were successfully achieaead the pyrolysis yield depended strongly on the Si/Ti ratio

of the precursors. This approach provides the possibility of creating new controllable nanostructural hybrid

composites and exhibits the potential applications in ceramic coatings and fibers by adjusting the garecursor

viscosity.
AY
R‘%"NH Tn-{N(H‘] R, NH
H3C“'\NH CHyl:  HyC- SIN i CHgl + N T
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Figure2-13. The proposed reaction pathway of polysilazanes with Ti()UVie'.

A simultaneous research work was performed by modifyldB® with Ti(NMe),'”, and then a Fcontaining
precursor was generated with the chemical formula;[&4C,2N1.1He2, and a molecular weight of 4200
g-mol™; this precursor was warpressedand pyrolyzed under ammonia arilen annealed under nitrogen
Finally, a monolthic nanocomposite was producetth a Vickers hardness as high as 25.1 GPa. In a recent
study, it is reported that the polysilazane HTT 1800 can be chemically modifigd
tetrakis(diethylamido)hafniumTQEAH)**?: the chemicamodificationtook place at both M and SiH groups,

but the vinyl groups (C=C) were naiund to be affected by the reaction WtDEAH. By further modification
with BH3:SMe, and subsequent polym#&-ceramic conversion, amorphous SiHfBCN ceramics were
successfully fabricated. The SIHfBCN ceramics showed different phase separation and belyatabr
according to the annealing atmosphere, thaifi€/HfB./SiC (annealing in Ar) or HfN/SN,/SIiBCN (annealing

in N,) nanocomposites, which confirms that the phase separation progresses are thermodynamically controlle

and lays the foundation forggparing UHTGNCs with suitable structures.

cH,

ﬁs. NHsi-N|
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Figure2-14. The proposed reaction pathway of HTT1800 with HfgWEE?.
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Other novel and promising nasxygen metallic compounds introduced here are aminopyridinato metal
complexes. Because of their unique nature and reaction activitiedhdleybeerapplied in the fabrication of
hybrid materials with nanostructures. Glatz letr@ported an easy and inexpensive strategy for the preparation
of Cu-SiCN ceramic nanocomposis@own inFigure2-15"°?, Due to the availability of more coordination sites
suppied by the HTT 1800 backbone and the intrinsic reactivity of the amido complex, the metal transfers from
the complex to the precursor, and it is assumed that covalent bonding between thatwoppend the HTT

1800 formedwith the liberation of protonad ligand Ap"*H. The copper loading content is adjustable over a
broad rangef precursors and restifit SICN ceramics with uniformly dispersed Cu nanoparticles with different
sizes, which can be a potential materi@ be usedas recyclable heterogeneoocatalysts for the selective

oxidation of cycloalkanes under mild conditions.

l.+nBuLi  —Si
= I 2.+ CuBr
- LiBr =

H H
{~s'i Si__Si
N TN
H
+ 2% DCP (dicumylperoxide)

Figure2-15. The approach to G8iCN precursor by molecular desigh.

Similar chemical modification was also parhed on HTT 1800 polymer by using aminopyridinato palladium
complexes™. Aswith the previouscase palladium was transferred to the polyrframework by forminga N-

Pd bond Whereas, in contrast to the SiCN ceramics, a different behavior was observed for its crystal and
phase separation behavior during the Hesttment, amorphousSiCN matrix with the presence of
homogeneously distributed hexagonal,$tdcrystallites was achieved, and therystalline PdSi provide
catalytic activity for the selective hydrogenation of aromatic ketones. In other studies, the coordination
compound [(cd)PtMe] (COD = 1,5 cyclooctadiene) was used as a platinum source, togethetheith
poly(ureamethylvinyl)silazane (PUMVS) precursor, structure directing agent anrdsselhblytemplate of
polystyrene spherem order to fabricate hierarchically structdrgporous ceramics functionalized with Pt
nanoparticles®. This approach has beemrther applied on the family of aminopyridinato complexes
coordinated wh differenttransitionmetals such as Fe, Co, Pt, Cu, Ag and Auand then porous met8iCN
ceramics were fabricated with the simultanewmusitu generation of catalytic active metal nanoparticles from
the metal modified polysilazane precursors. e account of the availability of metal aminopyridinato
complexes, this bottomp strategy can be extended to other transition mévalse regarded as suitable

candidates for the modification of polymer precursors.

CHAPTER2 LITERATURE REVIEW -23-



z
= Z

Figure2-16. The metal transfer reaction between polysilazane and metal aminopyridinato cofifilexes

24 Porous ceramics

In recent years, micrcand mesoporous materials with a high effective surface area and a narrow pore size
distribution has becomen importat research focudyecausehey are key enabling components for potential
applications that require fast and efficient transport in,abuwr within a high surface area, such as catalyst
supports, gas filters and sensors. Porosity is the critical famtahé performance of porous materiasd
macropores are ideal for providing access to internal sites, while -n@oc mesopores are beneficial to
increase the surface area and improve selectiVityin order to meet different needs, tunable porous materials

with tailored systems of large or small poresrauired.

PDCs are diversely used materials becausg dheeasyto manufactureand the asbtained porous neoxide
ceramics such as SiC, SICN andMNgi have attracted growing attention due to their ability to bear high
mechanical stresses, high tengiares ad harsh operating environmenihe fabrication of porous ceramics

via PDC methods offers a series of advantages in terms of simple processing methodology, low cost an
adjustability of porosity. As a result, porous PDCs have become promisingaimsdor the applications in the
support structures for catalysis, energy storage and gas separation. Porous PDCs can be produced vi
combination of the precursor pyrolysis with a variety of gorening techniques, for instance: replica

d138. 139 éAZ 143

formin , direct foaming® Y and using sacrificial filler . Additionally, by selecting the

appropriate porfoaning reagent, the pore size and shape as well as its arrangement can be tailored.

The preparation of microporous silicon imido nitrides by pyrolysis of polysilazanes was reported for the first
time by Bradleyet al'*** "I, Later, silicon imido nitrides with high surface asasere also successfully
synthesized by ammonolysis of silicon tetrachloride in organic solV&ntBurthermore, mesoporous silicon
nitride materials with narrow pore size distributions were prepared by the reaction of silicon halides and
ammonia in organic solvents at room tempeamtuith subsequent dehalogenation at high temperéturen
addition, novel porous ceramics includingMNai SkN4,-BN and SiNs-AIN were produced based on el
processes. These ofa sacrificial templates anothemethodfor poregenerationlt can be further divided into

hard and soft templadeThe hard template is uslyah kind of inorganic materialith porousor nanesized
structures which does not react with the precurséinal porous materials can be obtained by removing the

template. Mesoporous silica and carbon are the twekmellvn hard templates. Mesoporous SiC ceramic were
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prepared via a carbotherm@duction reaction with using mesoporous silica M@81* or SBA-15"? as a
solid template however, the negative aspects of this metagelthat it requires harmful etching step using
strong acid to remove the template. Majouttal""” reported the first example of periodic mesoporous
SIAICN ceramic, it was prepared by a solvent nanocasting route using mesoporous carbeB) (&the hard
template which was removed by annealing thepda in ammonia later.

The use of polyolefin as soft sacrificial templates is considered as one of the most promising strategies. A serit
of conventional polymers with high molecular weight such as polymethyl methacrylate (PNiVIA)
polystyrene (PS)" and polyethylene (PE)” can be applied as sacrificial filler§hey act as place holder
substances and could be removed by thermal decomposition together with the cerapriaedissof precursor
polymers to create open pore networks during the-theatment” %, leading to the production of porous
structure with high tigorability and reproducibilitywithout additional steps. It wasperted that mesoporous

BN ceramics was synthesized using a hybrid orgamtimanic block copolyméer”. As a conventional polymer,
polystyrene has simple composition and can be completely decomposed at temperatwas466 °C**?,

making it a promising seKacrificial template. Nghierat al. reported the application of PS#fock-PS**” and
PCSblock-PS* diblock copolymer as precursors for the preparation of a mesoporous SiC and SiCN ceramics,
respectivelySung and colleagues’ established a seffacrificial template method by using polystyrene spheres,

a packed bed of PS sphereaswassembled and infiltrated by polysilazane precursor, then macroporous SiCN
monoliths were obtained after the pyrolysis. Afterwards, Ewteal'"°? reported the generation of mesoporous

structured SiCN nanocomposite by using PS thessalfificial template in a simple omp®t synthesis.

Based on the specificity of polymeric precursors including slithyb ease of processability and the
designability of molecules, ceramic components with high amounts of designed porosity can be produced b
various processing methods, and the porous PDCs with a wide range of pore size and morphblggeful

for many specific applications.

2.5 Fabrication of one-dimensional nanostructures from polymeric precursors

Nanostructural materials are defined as having at least one dimension smaller than 4100 they have been
intensively studiedver the pastwo de@des for their peculiar and unique properties. Plenty of interesting and
novel phenomena are observed on the ssred structures, for examples: size dependent excitation or
emission®® ‘!, quantized conductan¢®€, Coulomb blockad&? and metainsulator transitiori®”. The
guantum confinement of electrons by the potential wells of nanostructuréislgzraa powerful method to
control the electrical, optical, magnetic and thermoelectric properties of functional materials. Miniaturization
has been the development tendency in t&lagience and technologgnda great deal of effort has been spent

on the attempt to develop components with critical dimensions. Some nanomaterials already demonstrat

superior performances and applications in many fields, such as the development of magnetic and optic:
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materials with size as small as dozens of nanometersfimmation storagé™ as well as the successful
application in microelectronics.€., integrated circuits), wherfismallep has meant greater performance, faster

operation, lower cost arldss power consumption’.

The synthesis and investigations of @imensional {D) nanostructures materialsd., nandubes, nanowires,
narobeltg is one of the hot and important research directions in maserelceand research interelsas grown

in recent years. 1D nanostructures provide a good experimental subject for the stidyetdtionship of
electrical and thermal transport mechanical performance on dimensionality and size reductiohe Ifigid of
functional materialsuch as the fabrication of electronic, optoelectronic and electrochemical devices at the
nanoscale, 1D nanomaterial is considered to be a competitive candidatesent, 1D nanostructures of metals

and ceramics can be produced via many advanced technigti€sthe successful preparation of varioyses

of 1D nanostructures have been reported, such as nanotubés nanocablé§”, nanowires and fibers® "%,

For the fabrication of 1D nanostructures, a high number of manufactiratggiehave been developed .

Among all of these technologies, the gsaof polymer precursors is considered asosel andpromising
method due to their high tailorability of chemical composition on a molecular scale and ease of processing
Various types of 1D nanostructures with different compositioas ¢arbon, SiC, BN,) have been prepared
directly from the corresponding precursors. Usually, the 1D nanostructures can be preparpdlymeric
precursos by means of basically three approaches: (i) the utilization of gaseous byproducts derived from the
decomposition bthe precursors at high temperatures, with or without the catalysis of transition metal additives;

(i) template modulated method and (iii) electrohydrodynamic method such as electrospinning.

1D nanostructures prepared the templateassisted approach@h some advantagefor example the ability

to control shape, size and impurity level of the structuresertheless, the additional cost caused by ubiag
template etchant and the timeonsuming process hindathe development of this metholectrospinning is
considerd as another promising approach tlain produce 1D nanostructures with high yield, desired
properties andunctionalizatior however, the precursors with high molecular weight and suitable viscosity are
required in the process, whiadauses the technical difficulties and limits the application of this approach.
Recently, mosstudies thateported fabricating 1D nanostructuresre/based on approach (i) due to its low
cost and simple operability, and different transition metals (FeNGa@tc) are usually employed asatalyst
source in the production of nanostructures derived from precursors to improve the yieldosfructures
which is known as catalystssisted pyrolysis (CAPT.he CAP of precursors is a relatively simple, cheand

fast method, and it can be designeé asepot process and does not require additional materiagupment

For instance, carbon nanotubes (CNTs) were produced by pyrolysis of a PCS precursor doped with irol
nanoparticles’” or a borazindased precursor containing nickel as a catalysPolysilazane precursewere
doped with the catalytic action of FeChnd then thén situ grown single crystal g\, nanowires can be
obtained ", SiC/SiQ, nanocables with corshell structure was synthesized by using poly(dimethylsiloxane)

modified with ferrocené’®.
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According toall of theresearch achievements introduced above, it is believed that narnalsgieatly affect

the productivity of science. However, most of the research work in this field still focuses on the preparation and
characterization of 1D nanostructurd$e discovery and application of thesechsained 1D nanostructures
have been raly covered,and only a few studies report that the 1D nanostructures exhibit good
photoluminescencand interesting semiconducting properti€s?. Further development in this field will lead

to development of 1D nanostructural materials in variousrambdaapplications, including catalysis, electrical

conductivity/resistivity and magnetic fields.
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3. EXPERIMENTAL PROCEDURES

3.1 Chemicals

The chemicals used in this work are perhydropolysilazane (PHPS, 22.5 wt.% solutiambotdi ether, AZ
Electrmic Materials GmbH, Germany), tetrakis(dimethylamido) hafnium(lV) (TDMASigmaAldrich),
vanadium(lV)oxy acetylacetonate (or vanadyl acetylacetonate, VO{a&igjnaAldrich), polystyrene (PS,
average Mw=35000SigmaAldrich), linear low density polyethgne (LLDPE,SigmaAldrich), poly(isobutyl
methacrylate) (PBMAaverage Mw=70000GigmaAldrich), iron(ll) acetylacetonate (Fe(acackigmaAldrich)
andanhydrous toluene. All chemicals were stored in an inert atmosphere and needivad without furtlr

purification.

3.2 Synthesis of SM-N (M=metal) single-source precursors

All single-source precursors were synthesized under inert atmosphere in order to avoid contact with oxygen an
moisture. Synthesis was performed using the Schlenk techniquéeheittrotection of argon or nitrogen. The

asobtained precursors were handled, stored and prepared for measurement in a glovebox with the protection

PHPS Metallic
precursor compound

Single-source |,
precursor
l % Cross-linking

anAr atmosphere.

Cured sample
powder

NH, l 1000°C % Pyrolysis
Single-phase |
1| ceramic powder
<1

Non-pressure i n o Ar[11300-1800 °C
annealing i
: Phase-separated
crystalline

ceramic powder

-
Figure3-1. Simple flow diagram of preparing the singeurce precursors and corresding ceramics
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3.2.1 Synthesis of SiHfN singlsource precursor

The synthesis of SiHfN singlgource precursor was performed using a commercially available
perhydropolysilazane solution (PHPS) and tetrakis(dimethylamido)hafnium(lV) (TDMAH). SiHftunsi@s
with different hafnium content were synthesized in order to study the influence of the hafnium content on their
ceramization behavior and on the phase composition microstructure of the resulting cerani€ViAie was
added intdPHPSin differentmass ratio, i.e., TDMAH : PHPS =98, 15:85 and 30:7(Qeferred to as samples
SiHfN-1, SiHfN-2 and SiHfN3), respectivelyA typical synthesis of the SiHfN singkource precursor (as for
SiHfN-3) was performed usg following procedure: 1.0 gf TDMAH was dis®lved in 5 mL anhydrous
toluene Then the resulting solutiomas added dropwise to 10.37 g PHPS solution (2.3 g pure PHPSRh 15
min. This reaction mixture was constantly stirredaam temperature for 6 Wwith flowing argon, reaction can

be caried out adequately and a milk white gj&k product was obtained. After removing the solvent and low
molecular weight byproduct such as HNMe vacuum at 50C for 5 h a white powdery precursor (SiHfN
singlesource precursor was a viscous liquid beeaonly 2 wt.%TDMAH was introduced and the precursor

was not highly crostinked) was obtainedr he yield of SiHfN precursors was about 95 wt.%.

3.2.2 Synthesis of SiVRD) single-source precursor

The synthesisf SiVN(O) singlesource precursomsas caried out by usingerhydropolysilazane (PHPS) and
vanadium(lV) oxide acetylacetonaté@(acag,) as the raw material®ifferentweight ratios ofvanadium were
introduced intdPHPSIin order to study the effect of different vanadium proportions on the ioaiiin reaction

and the microstructure evolution of obtained ceramics.

VO(acag, wasaddedinto PHPS with different weightatio, the weightratios of PHPS : VO(acacjvere 98:2,
85:15 and 70:30andthe precursors were denoted as Sf@N1, SiVN(O)-2 ard SiVN(O)-3, correspondingly
Because of the poor solubility &fO(acac) in toluene, a large amount of toluene was used and the PHPS
solution was added dropwise into ¥1@(acac). One typical synthesis of the SiVN(O) precursor is described as
the following procedure2.143 gVO(acac) was dissolved if80 mL anhydroudoluene ina 250 mL Schlenk
flask (but most of th& O(acac) still cannot be solved after 24 h stirringhd ther22.2g PHPSsolution(5.0 g

pure PHPSWwas added dropwidato the flask the reaction mixture wasonstantlystirredat room temperature

for 12 h. The solution became dark blue, and finally a black gel was obtained, with the consumption of
undissolvedvO(acac). In order to remove the toluene, the mixture was dried under vacubén°@ for 5 h

anda brown crosslinked powdery SiVNO)-3 precursor was obtained@he yield of SiVN(O) precursors was
about 97 wt.%.
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3.2.3 Synthesis of SiVN/Polymer template compounds

As before, all reactions and blend were carried out in purifiedrAosgthere using standard Schlenk techniques.
PS, PE and PBMA were used as the-satfrificial template, respectively, here the synthesis of SDJBIPS2

was taken forexample one typical synthesis of the compounds is described as follow: In a round bottom
Schlenk flask, D g PS wee degassed in vacuum for 3td remove residual watemhe PSparticleswith
M,,=35000 can be easily solved BO mL tolueneunder stirring and then0.7 gthe commercial available
precursor PHPS was added to obtain a homogenmausre of the polymer template and the preceramic
polymer byintensivestirring. The modification withtransition metal and crodisking of the PHPSprecursor

can be achieved simultaneously by addirgygVO(acac) into the mixed solutionafter the raction overnight,

a black solution was obtained. In order to improve the crosslinking degree of thé€iptidcursor, the black
solution was further heated up to 80 and kept for 12 In an Aratmosphereandthe PS polymercould be
sealed in the SiVN cursor matrixFinally, a viscous black SiV{D)3-PS2 compound was obtained after the
solvent was stripped off under vacuum. In the present research, the weight ratio of PHPS/VO(acac)2 was fixe
in 7/3 and denoted as Si{M)3, the weight ratio of SiVRD)3 to dfferent polymertemplate were fixed in 1/1

and the obtained samples were abbreviated as (&)APS1, SiVNO)3-PE1 and SiVNO)3-PBMAL,
respectively. Additionally, the influence of differepgercentages of PS template vedso checked, the weight
raios of SiVNO)3 to PS werel/0.5, 1/1/2 and 1/3, and they corresponded to the sample ENNPSO0.5,
SiIVN(O)3-PS1, SiVNO)3-PS2 and SiVIO)3-PS3, respectively. A control test was also performed under the
same conditions, but no polymer template was adaied the resultant sample was named $®®-blank.

3.2.4 Synthesis of SiFe(D) precursors

The synthesis dbiFeN precursor with PHPS and Fe(ag&$imilar to the synthesis of SiVN(O) adéscribed
asfollow. A quantity of 1.00 g~e(acac)was addednto a50 mL Schlenk flaskn an inert atmospheré&0 mL
anhydrous toluene was used as solvéNext, 1.00 g pure PHPS was also introduced into the flagth
intensive stirring at room temperatufide mixture was heated up to 100 after reflux at 100 € for 12 h with
intensive stirring, a viscoudark redFe-modified polysilazaneprecursor was synthesized. It is important to
mention that the reaction was incomplete and some unreacted Fe&itlasispended in the precursor. The
weight ratio of PHP$0 Fe(acag)were 50/50and95/5,and the corresponding samples were named SiFeN(O)
50 and SiFeN(Op, respectivelyThe yield of SiFeN(O) precursors was about 92 wt.%.

3.2.5 Preparation of SiFeN(O)based ceramic paper

In order to fabricate the ceramiayeer, filter paper was chosen due to its simple chemical composition (only

cellulose fibers) and macimorous structure. One typical preparation of SiflteeNO)-based ceramic paper was
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described as follow:he filter paper with the dimension @5 x 1.5 cm? was dried at 80°C for 24 h and
subsequenthdipped irto the SiFeNO)-50 precursor toluene solution for 1 secomader argon atmosphere,

after removing the solvent and hitgmperature treatment, SiF@D-based ceramic paper was successfully
prepared.The filter paper was dipped in different SiFeN(O) precursors and the obtained samples were
abbreviated aPaperSiFeN O)50 and PapefrSiFeNO)5, respectively. A control test was also performed under
the same conditions by dipping the paper into the PHP®&nelsolution, and the control sample was named
PaperPHPS.

3.3 Pyrolysis of precursors

The asobtained singlesource precursors were pyrolyzed in a Schlenk furnace (Gero GmbH & Co., Neuhausen,
Germany)equippedwith a mass flow controller (Model 5850Erd®ks Instrument B.V. Netherlands$jirstly,

the precursor polymer was finely ground in an agate mortar, and then it was weighed and put into a quartz bos
which was kept in a quartz Schlenk tube. The precursors were pyrolyzed at a heating ratéGsh 10Ghe

target temperature under constant kRighity ammonia (99.98% Air Production) supplied with the rate of about
1.5L/h. The ammonia was fed from a gas bottle to the Schlenk tube through the inner part of a coaxial hose, i
order to decrease the hptlysis of ammonia during ammonolysis, increase ammonia concentration around the
precursors and facilitate the exhaust of waste gas. At the target tempehatigamples were held for 3td

complete the polymeto-ceramic transformatioandthencooleddown to room temperature.

3.4 Annealing of ceramics

The ceramics derived from 100€ ammonolysis were further annealed at higher temperature under nitrogen
atmosphere. In the range from 1000 to 1300the annealing experiments were performed in amiak tube
furnace (Gero GmbH & Co., Neuhausen, Germany). And from 1400 to AB0the heatreatments were
performed in an Astro graphite furnace (Thermal Technology Inc., CA, USA). The heating schedules was
described as follow: from room temperaturel@00 °C, heating rate was 10C/h; from 1000°C to target
temperature, heating rate waS@h, and held for 5 ht target temperatur@he thermolysis was completed by

cooling the sample to room temperature at a rate 6C1)

3.5 Characterization techniques

3.5.1 Fourier transform infrared (FT-IR)
The assynthesized polymer precursors weresainsitive and were measured by means of attenuated total
reflection FFIR spectroscopy (ATR FIR) on a Bruker Varian FIR spectrometer (Brucker, VARIAN 670
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IR, USA). The FTIR spectra of ceramics powder were investigated by using the same equipment in
transmission geometry model with KBr pellets. .

3.5.2 Raman spectroscopy

Raman spectroscopyas measured using a Horiba HR 800 mi€taman spectrometer (Horild@bin Yvon,
Bensheim, Germany) equipped with an argon laser. The excitation line has its own interference filter and :
Raman notch filter. The measurement were performed from 200 to 400@viéma green laser (irradiation
wavelength of 514.5 nmand acaf oc a | mi croscope (magnification 5
resolutionof 24 & m.

3.5.3 Nuclear magnetic resonance (NMR) spectroscopy

For liquid precursors, NMR measurements were performed on a Bruker AV 300 NMR spectrometer (Bruker,
Germany) perating at 300.13 MHz foH spectroscopy, 75.46 MHz fofC (*H decoupling) and 59.63 MHz

for #Si (*H decoupling), the delay time was 30 second®s®@r CDCk were used as solvents for different
precursors, the chemical shifts &f, **C and®*Si wereall referred to tetramethylsilane (TMS) as the external
standard.

For solid crosdinked precursors and ceramics powder, the solid state MAS NMR measurements were carried
out on a Bruker AV 300 NMR spectrometer (Bruker, Germany) using a 4.00 mm Brukde desbnance

MAS probe at the spinning speed of 6.0 kiihe **C isotropic chemical shifts were referenced to the carbonyl
carbon of glycine (assigned to 173.2 ppm). Bd@h and®*Si MAS NMR spectra were recorded using a 90°
pul se of 6 ¢ ysoh6dd Cramd®Si chénecal dhifts eere determined relative to the external
standards adamantane and kaolin, respectiaaly,are given with respect to the primary standard TMSQ

ppm).

3.5.4 Elemental analysis (EA)

The ceramicgpowder wasmeasired with elemental analysis to acquire the chemical composkamthe
carbon content of the samples, a carboalyzerLECO G200 (LECO Instrument GmbH, Monchengladbach,
Germany) was employed. While the oxygen and nitrogen content was tested witN anaB/izer LECO TE€
436 (LECO Instrument GmbH, Monchengladbach, Germartyg. measurement of silicon and hafnium content

of the ceramics were carried out at Mikroanalytisches Labor Pascher (Remagen, Germany).
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3.5.5 Xray diffraction (XRD)

X-ray powder diffactionmeasurements were performed on a STOE STRX-ray diffractometer(STOE &
Cie. GmbH, Germany) itransmission modeyith monochromatioMo K Uradiationat a scanning speed of
1 °/min in the range of 85A ). 2 d

3.5.6Thermal gravity analysis (TGA)

In order to study the polymeo-ceramic transformation of these precursordhigh temperature stability of the
ceramicsthermal gravity analysis (TGA, Netzsch STA 449C Jupiter, Gerinaag carried out with C/min
heating and cooling rate, holding 8400 € for 2 h coupled with a quadrupole mass spectrometer (QMS,
Netzsch 403C Aélos, Germangndin-situ FT-IR.

3.5.7 Sanning electron microscopy (SEM

The morphological features of the ceramic samples were analyzed using a scanning electroopyits&M,
Philips XL30 FEG highkresolution scanning electron microscope, FEI Company, U$¥cause the
conductivity of obtained ceramiés poor, ceramic samples were grinded to fine powder, and then dispersed on
the conducting tape and sputtered wittbaductive gold nanparticle (510 nm thick) before the investigation.

3.5.8 Transmission electron microscopy (TEM)

(Scanning) Transmission electron microsc¢fy)TEM, JEM2100F, JEOL Ltd. measurement was used to
observe themicrostructure of theSiHfN and SiVN(O) samples Specimens for highesolution transmission
electron microscopy (HRTEM) were preparby depositing powders on Cu grid. A 200 kv JEMU0O0F
microscope equipped with a spheriadlerration corrector (CEOS GmbH), which enabled structiorese
probed with sukangstrom resolution, was utilized for STEM imaging and selected area elddfrantion

( SAED) observations. A convergence anogether withfann@as mr
darkfield detector inner/outer angles of 70/240 mrad, were chosen folahgle annular darkeld (HAADF)

STEM imaging. Eectron enggy loss (EELS) and energlispersive Xray spectroscopy (EDXS) werdso

performedon the samples to detect the composition.

For the SiFeN(O) ceramicpowder, specimengor (scanning) transmission electron microscopy (S)TEM
observations were prepared by dsiting the samples on amorphous carbon film supported with Cu grids.
SAED patterns (selectaatea electron diffraction) and BFEM (bright-field) images were obtained from a 200

kV JEM-2010HC (JEOL Ltd.) For chemical composition analysis with STHNKS (energy dispersive xay
spectroscopy), a 300 kv JEM ARM300CF equipped with an aberration corrector (JEOL COSMO corrector)

was used.
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For the SiFeN(Gpased ceramic papesamples of the transformed ceramic paper materials, which are
inherently brittle, in paicular upon pyrolysis at 1000€, were mildly ground and small particles of the samples
were deposited on a lacy carbon grind for TEM inspection with a JEOL2IENIF instrument, operated at 200
kV. All samples were lightly carbon coated to minimize ciragginder the incident electron beam.

3.5.9 Nitrogenadsorption isothermal analysis

Nitrogen adsorption analysis was carried out at 77 K using an Aut8Bof@uantachrome Instruments, USA).
The samples were firstly preheated at @00or 24 hunder vacum before testing. The nitrogen isotherm at 77
K was used to calculate the specific surface area (SSA) from the linear BrimaonattTeller (BET) plots
over the relative pressure range of 0.05 < g/p.3. The total pore volume (Mvas obtained from thamount

of vapor adsorbed at a relative pressurg &/p[130. Themicro-pore volume (Y, was céculated using the de
Boers tplot analysis[181]. And the pore size distribution for megorous samples was estimated using
BarrettJoynerHalenda (BJH) method from the desorption branch of the isotheith
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4. RESULTS AND DISCUSSION

4.1 SiHfN ceramics

Metalorganic compounds are often used as precursors for highly refractory materials atehipigrature
composites, among these chemicals, alkylanddganometallic precursors such as tetrakis(dimethylamido)
hafnium(lV) (TDMAH) have attracted great attention of researchers due to their high vapor pressures; chlorine
free and oxygeifree ligands,as well asmild reaction conditions. Alkylamide organomiétapolymers have

been widely studied in the field of fabrication of hafnium dioxide or hafnium nitride films by atomic layer
deposition (ALD) method, and some ALD experiments suggested that the metal alkyleatedesystem is

both kinetically and thernsynamically superior than the metal chlordater system™. Based on above
reasons, TDMAH was adopted as hafnium sourcéi® modification of perhydropolysilazane (PHPS).

The procedures for the synthesis of SiHfN sirgg@rce precursors and the pyrolysis 6HSIN singlephase
ceramics were described in Chapter 3. In this section, characterization results for theosigerecursors

and the subsequent-abtained SHf-N ceramics are presented. The reaction between PHPEDMMAH were
characterized by FIR, Raman and solid state NMR spectroscopy and the reaction mechanism is discussed ir
Section 4.1.1. Then the polgmto-ceramic transformation process and trgstallization behaviowof the

SiHfN ceramics are discussed in Section 4.4 4.1.3 followed by the higkangle annular darkeld
(HAADF) STEM images of the nanostructures of the ceramics.

4.1.1 Synthesi®f the SiHfN singlesource precursors

The SiHfN singlesource precursors were synthesized through the reaction bepeeeydropolysilazane
(PHPS) and tetrakis(dimethylamido)hafnium(IWffN(CHs),]s, TDMAH) at ambient temperaturdn the
present study, DMAH was chose as the source of hafnium for two reasons: (i) TDMAH has a higher
theoretical pyrolysis yield for the formation of HfN and less carbon residue in the ceramics, because of the
smaller ligands -N(CHy),) relative to those of other alkylamide ganometallic compounds such as
Hf[N(CH3)(C:Hs)]4 (TMEAH) or Hf[N(C2Hs)2]4 (TDEAH); (ii) the large ligands of TDEAH may cause a lower
reaction rate due to the steric hindrance during the nucleophilic attack of the PHPS and result in heterogeneo
distribution of Hf in the precursors, which is not suitable for the fabrication of nanocomposites.
Perhydropolysilazane (PHPS) has been considered as one of the most suitable precursors in forming high pur
silicon nitride ceramics because it is composed of affijos, nitrogen and hydrogen without other elements.
Various PHPS were synthesized by the ammonolysis of dichlord$ifarand the structure of precursors, heat
treatment conditions, convention mechanism as well as the structure and properties of PHPS derived cerami
have been widely and deeply studied. Additionally, the application ofSPkk> also explored and it shows

promising prospect in the fabrication of fibét$, thin films**? and coatings™ **".
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The reaction was investigated by means of-IRT and the spectra were shown Fig. 4-1(a). Pure PHPS
exhibits absorption bands at 3372 and 1171 @aH), 2137 crit (Si-H), as wellas at 8461030 cni (Si-N-Si).

The FTFIR spectrum of TDMAH contains absorption bands corresponding-kbb©nds vibrations at 2948,
2822 and 2766 ch the absorption bands at 932 and 1251 are characteristic vibrations of TDMAH and
were assigned tde HEN-C units'™. The FFIR spectra of the asynthesized SiHfN precursongth different
hafnium contenaire also shown ifrig. 4-1(a) and reveal a decreag tendencyn the relative intensity of N

and SiH bands with thenicrease of TDMAH used for the modification of PHPS, indicating that a chemical
reaction occurred between the PHPS and TDMAH.

However,the FTIR spectra were not normalizedsthere is not asharp and characteristabsorption band
which is stable in theeaction Si-N-Si absorption band is stable in the modification reaction, however it is too
broad to be usedn order to study the reaction between PHPS and TDMAHIR-@bsorption peakintegrated
area ratios between the-Biand NH bands in each SiHfNinglesource precursor were calculated and the data
arelisted inTable 1. The integrated ratio betweenI$i(2137 cm') and NH (3372 cni) in pure PHPS is 6.77,
and this value rises upahe modification of PHPSwvith TDMAH to reach a value as high as 28.05 in the
singlesource precursor for SiHES; and then the ratio betwe&iH (2137 cnt) and NH (1171cm?) showed

the similar tendency. Consequentiye evolution of A(SH)/A(N-H) indicated that the NH groyps react with

TDMAH and its reaction activity is highéran the SH groupsin the modification reactian

4 I
| Hf(NMe,), |N-H = - [

_' (a) FT-IR spectra of Precursors

1

(b) Raman spectra of Precursors
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Fig. 4-1. FT-IR (a) and Raman (b) spectra of pure PHPS, TDMAH and SiHfN precursors with difiafentm
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content. (In (b)ge indicates residual toluene solvent in the samples)

Later, he reaction between PHPS and TDMAH was alsaracterizedby means of Raman spectroscoagd
the Raman spectra and theak area ratios of the bands assigned 1B &nhd NH from Raman spectrare
shown inFig. 4-1(b) andTable 1, respectivelyThe Raman spectra of SiHfN precursors are relatively simple,
only SiH (2175 cnt) and NH (3375 cnit) showed apparentitwo peaks (except for the sharp peak at 1fi0
! which belonged to the residual toluene in the precursors), while the Raman peaksaofiGSiN bonds were

negligible. And itdisplayedthe same trend as observed byIRTspectroscopy, i.e. decreasethd intensity of
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the SiH (2175 cn) and NH (3375 cni) bands as well as the faster reaction eHNvith TDMAH as

compared to that of Sil.

Tablel. Peak area ratios of the bands assigned-kb &id NH from FTIR and Raman speatof different

SiHfN singlesource precursors

PHPS SiHN-1 SiHfN-2 SiHfN-3
Mass ratio of TDMAH : PHPS in the precursors _ 2:98 15:85 30:70
A(SiH, 2137 crif)/A(N-H, 3372 crif) in FT-IR spectra 6.77 10.92 18.61 28.05
A(SHH, 2137 crif)/A(N-H, 1171 crif) in FT-IR spectra 2.04 3.16 3.53 3.93
A(SHH, 2175cm)/A(N-H, 3375cmi?) in Raman spectra 12.11 16.52 23.97 26.08

To the best of our knowledge, the reaction between TDMAH and PHPS has not been reported yet. Howeve
reactions of tetrakis(digthylamido) titanium (Ti[N(CH),],, TDMAT) and tetrakis(diethylamido) titanium
(Ti[N(C,Hs),)4, TDEAT) with N-H groups have been extensively studied. It has Ibepored that NH can

react with TDMAT in a transamination process'*”. Weiller reported that TDMAT reaet rapidly with NH;

even at room temperature in a transamination icgatd form HNMe, with the cleavage of a-N bond being

the rate limiting step (Eeation 1),

Ti(NMe,),+ NH; 2 ( MRTi-NH, + HNMe,

In a separate study’, TDMAT was shown to react with NHerminated Si(100) surfaces also upon

(Equationl)

transamination process well as the elimination of HNMéy-product. Moreover, it has been shown that the
reaction of TDMAT with NH groups is thermodynamically more favorable than the reaction between TDMAT

and SiH bonds'?, and this conclusion is in good agreement with our observation.

Based on the spectroscopic evidence and on relatedhvalisns from literature, two possible (and parallel)
pathways for the reaction between TDMAH and PHPS are propo&égl #2. Firstly, the NH bonds of PHPS
reaced with TDMAH at room temperature in a transaation process leading totafnium modification of

PHPS at N centerand the HNMe, was released as gas-psoduct[Fig. 4-2(a)].

Based on the investigation results of spectroscopy, a large amodNi¥le groupsare found to remain in the
singleprecursors, some of them are from the HNNdg-product, and another part of them belong to the
unreactedHf-NMe,. It is believed that steric hindrance takes most responsibility for the incomplete reaction of
TDMAH. The drect connection between TDMAH and side groups and the PHPS backbone would hinder eact
other strongly and only every seconeH\group with respect to PHPS polymer was supposed to be active in the

amine displacement reaction’.

For the reaction between-Bigroups and TDMAHAravind et al'**? reported the reactiorf TDMAT) with
selfassembled alkyltrichlorosilane monolayers (SAM) possesditd, i NH, andi CH; terminal groups, and
the reaction probabilities followed the orde©OH > i NH, > 1 CH; on the SAM terminated surfaces. It was also

reported that TDMAH showedevy high reactivity at the termin&NH, group, the reaction could even be
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carried out at temperature as low-86 °C with the elimination 0ofN(CHs), ligands, and the extent of reaction
was controlled by temperature and the steric limitation. Moredveet al**® haw also studied the reaction
between TDMAH and hydrogen terminated Si(100) surface. The reawstgfollow three paths leading to the
formation of(i) Hf-Si (byproduct HNMe), (ii) Hf -N-Si (byproduct Ch) or (iii) HINC -Si bonds (byproduct $,

and the calglated reaction energies were 10.2 kcal/m@ll.3 kcal/mol and 8.7 kcal/mol, respectively.
Moreover thecalculated bond dissociation energies at the CCSD(T)/CBS level was also reported and it roughly
followed the order of HO > HN > N-H, C-H, SiN > S-H, SiC > N-C, Hf-H > Hf-Si. According to the
reaction energies above mentioned, it is obviousttie@formation of HN-Si linkage between TDMAH and

Si-H groups is thermodynamicallfavored However,on the one hand, it has been reported fbatthe
reactivity of PHPS towards TDMAT, the polysilazane reacted with TDMAT only at thkgxoups, while the

Si-H groups were not involved in the reacti@n the other hand, one research concerning the reaction between
TDMAH and an allyl hydrido polycarbosilan&MP10) was published recentf{/, SMP10 is a silicofased
precursor containing only $1 groups but no NH groups, and this research clearly indicated that TDMAH
reacted with thesi-H groups to form SN-Hf linkages and released GHAs can be seen from the references
above, the chemical reaction of alkylamide organometallic compounds with diis@al precursors is
complicated. Buit is obviousin the present workhat TDMAH, wnlike TDMAT, is involved in reaction with

the SiH groups of PHPS, which leads to the formation eNSilf linkageswith the release ajaseousH, by-
product[Fig. 4-2(b)], and this reaction is minor.

H H T
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" H3C/ \Hf(NMez)s

Fig. 4-2. Possible parallel pathways of the reaction between TDMAH and PHPS. The spectroscopic data sugge

that the reaction (a) is significantly faster than reaction (b)

In order to further study the synthesisadion between PHPS and TDMAH, solid state MAS NMR
measurement was performed on thepaspared SiHfN3 singlesource precursoBoth **C and*°Si NMR
spectra were measured by CP/MAS NMR.Fig. 4-3(a), the **C NMR spectrum of the SiHfNB precursor
exhibited a prominent chemical shift at 38.1 ppm which is attributethéomethyl groups bonded tihe N

atoms The lowintensity peaks observed at 19.8 ppm (methyl groups bonded to benzene ring) as well as 120.!
and 128 ppm (carbon in the benzene ring) were assigned to the residual solvent toluene.-&shum&iwas

obsened upon reacting PHPS and TDMAH, the reaction is considered to not occur via dehydrocoupling
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mechanism this result is consistent with the above tiw@red calculated reaction energies the reaction
between SH and TDMAH'"*?, the dehydrocoupling reaction energy is positive and not favored in this system.

| (a) "C NMR 1(b) ®Si NMR

N-CH ]

+ Toluene 1 SiHN, / SiH,N,
# Spinning sidebands

—_ SiHfN-3 Precursor
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1
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Fig. 4-3. CP/MAS NMR spectra of SiHfM precursor: (aC NMR spectrum; (b¥°Si NMR spectrum

In Fig. 4-3(b), the?Si NMR spectrum of the pure PHPS exhibited two peaks, i.e. a sigrel-86 ppm which
was assigned t8iHNy/ SiH,N, sites and a signal a0 ppm attiuted toSiH;N end groups of PHPS* %9 |t

is considered that the SiHfN precursor contained pend{tHs), groups and intering -N(CHs),-containing
bridge, which may improve the extent of the polymeric network up to a relatively high molecular weight and
contribute to further crodinking. While in the?*Si NMR spectrum of the SiHff8 precursor, th&iH;N peak
almost disappearethus providing clear evihce that SH groups of PHP®vere consumed in the reaction with
TDMAH. Moreover, the?*Si NMR spectrum did not show any signals related t#fSor SFCNHf bonds.
Consequently, it is clear that the reaction ofHSbondswith TDMAH occured via the formabn SiN-Hf
linkages.It canalsobe inferred from this result that only a part oftSgroups reacted with TDMAHand it was
believed that most of the reactions happened orEiHeN end groups of PHPS&ccording to the solid NMR
spectrum, this was becaubat the end groups had more availabkiSjroups for the reaction and lower steric
hindrance ThereforeJarge amounts of SH bondswere still present in the precursor after thedificationwith
TDMAH. This is consistent with the spectroscopic resuitsich indicats that TDMAH reacts faster with the
N-H bonds than with the $i groups of PHPS.

As the reaction of PHPS with TDMAH induces the strong decreale-bfiroups and&iHsN end groups in the
polymers (i.e., they get croési n k e d -NvSii d nkddes), itwas expected that the Hifodified single
source precurseiexhibited significantly higher degree of crodmking and would providéiigher ceramic yield

as compared to that of the pure PHPS. #8eMAS NMR peak area ratio betwe8iHN4/SiH,N, andSiHzN in
pure PHPS is 6.8 : 1 (i.e., the site fraction of the end gr8ilhsN accounted for 12.8%); whereas thigl;N

site fraction in the HMmodified PHPS was less than 5%. Consequently, the ceramic yield of the-SiHfN
precursor was found to be sifjcantly higher than that of pure PHPS, as discussed belowr &xe?).
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In conclusion, the FIR, Raman andolid state MASNMR spectroscopic data related to the reaction of PHPS
with TDMAH indicated that bothN-H and SiH bondswere reactive sites, and the possible reaction pathways
are shown inFig. 4-2. The reaction between-N groups and TDMAH is predominant, and it leads to the
formation off H-N-S i with the release of HNMeby-product; the reaction of $i groups with TDMAH is
secondary but it also takes place and promotes the-lonkssy. The modification of PHP®ith TDMAH not

only introduced hafnium into the polymer precursor at théeowar level, but alsamprovel the crosdinking

degree of the singlsource precursor and consequently its ceramic yield.

4.1.2 Polymerto-ceramic transformation of SiHfN ceramics

Usually, metal nitrides can be obtained by ammonolysis of metal amigegth asignificantmass loss due to

the elimination of amine (HNfR and ammonia bproduct in the heating temperature range 2000°C, and it

was reported that the nitrogen content of thedes was derived from ammonia and not from the parent amide.
Additionally, nitrogenrich Hf;N, powders can also be simply synthesized via a slow and gentle ammonolysis of
hafnium dialkylamides, the obtainedsNf, powders arerystalline with a rhrombohedha distorted NaCltype
structur€®®. Therefore, in order to increase the nitrogen content of the ceramics, SiHfN precursors were

pyrolyzed in flowing ammonia.

In the present worlkPHPS and the SiHfN singlource precursors wneeall pyrolyzed at 1000 € n ammonia
atmosphere for 3 tio producesilicon nitride and SiHfN ceramics, respectively. The XRD measurements
showedthat the agbtained silicon nitride and SiHfN ceramiagre all X-ray amorphousThe ceramic yield of

the SHfN ceramicsmodified with different content of TDMAHRvas in the range of 83%2.3 wt% and was

found tobe improvedwith increasing the content of TDMAkh feed, whilethe ceramic yield of pure PHPS

was 82.7 wbo (Table 2). The incorporation off DMAH within the PHPS precursorhas shown a good
promotion for the crosbnking and resulted iran increase of the ceramic yield is well-known that the
ceramic yield of a polymeric precursor can be significantly imgtoby a previous crodmk treatment before

the pyrolysis. In the SiHfN system, the SIiHfN precursors were already -bnbssl via the chemical
modification reaction process, apparently, the SiHfN precursors were solid powders rather than PHPS whic
was sticky liquid. Accompanying with the crodigking and the increase of the molecular weight, the- low
molecularweight oligomers were connected with each other and then the decomposition and evaporation o
these oligomer efficiently reduced in the ammonislysrocess, as a result, the weight loss of the SiHfN
precursors was greatly restrainedThible2, it can be found that the ceramic yield of SiHENvas higher than

PHPS but the increase was insignificant, beeaardy 2 wt.% TDMAH was added into the precursors and the
changes was extremely limited. When the addition of TDMAH was raised to 15 wt.%, the improvement of
ceramic yield became apparent; while in SiF8Neven the addition of TDMAH was as much as 30 wb¥

the ceramic yield is only 1.7 wt.% higher than that of Sit2fNhis is because that excess TDMAH cannot react

with PHPS completely due to the reactivity and steric hindrance, and lidt8vi, ligands would remain in the
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precursors and then decompaturing the polymeto-ceramic transformation, finally affected the ceramic yield

negatively.

Table2. Ceramic yield of different precursors pyrolyzed at 1000 € for 3 h in ammonia atmosphere
Sample PHPS SiHfN-1 SiHfN-2 SiHfN-3
Ceramic Yield (wt.%) 82.7 83.5 90.6 92.3

The precursors were heaéated at different temperatures under;ldiinosphere for 3 h, and then the structural
evolution during the polymen-ceramic transformation of the singdeurce precursor PHPS and SiHBNvas
researched by FIR and Raman spectroscopy measurements and the spectra were shiagvd-h In Fig.
4-4(a) and (c), with the temperature increasing from room ¢eatge (RT) to 300 €, the intensity of SH
peak significantly decreased, due to the ctimésng reactionvia dehydrocouplings (8H/Si-H and SiH/N-H).

As already reported, the dehydrocoupling oH&5i-H bonds started at higher temperaturees 800 C) (see
Equation2)'*”?. The intensity of NH peak at 3372 cthalso decreased, due bwmth the dehydrocoupling (Si
H/N-H, seeEquation3) and the transamination reactio(Equation4) which was previously reported "
Besides, the precursors were pyrolyzed in ammonia atmosphere, theaHhgo&is could react with Ny
which was beneficial to promote the crdiskking and enhance the nitrogen coritehthe resultant ceramicAt
500 €, the N-H absorption peaks almost vanished, indicating that the dehydrocoupling and transamination
reactions were almost completed. At 700 €;:I$iSi peak and a small peak assigned tél$emained in the
spectra. Wi the pyrolysis temperature increasing, the peak éf Siould eventually disappear at higher

temperature, while S\l peak would become sharper due to the crystallization of the pyrolyzed products.

| ehydrocoupling | |
2 —Si—H SR SioSi— + H,}
| I (Equation2)
| ehydrocouplin; |
ON-H + H-Si— —“200 o S NS+ H, |
| | (Equation3)
é.
3 _Sl._g_sl._ transamination 2 | | ! | +NH T
R > S —Si-N-Si— 3
I (Equationd)
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Fig. 4-4. FT-IR and Raman spectra of PHPS and Si3fNeattreated at different temperatures in ammonia

atmosphere: (8) FT-IR and Ramarspectra of APS; (hd) FT-IR and Ramarspectra of SiHfN3.

However, as shown ifrig. 4-4(b) and (d), in the beginning, the intensities of théd NSiH and NCH;
absorptions also decreased significantly with the temperatareasing from R.T. to 308C, these changes
were similar with the trend of pure PHPS hizatited at the same temperature. Except for the dehydrocoupling
and transamination reactions mentioned above, the decrease of the intensities b1 e ¢H vibrations

can also be attributed to the further reaction betweeniGéiNigands of TDMAH and the NH/Si-H groups of
PHPS (seéig. 4-2), and these reactions also consumed teHy groups of the precursors, thispdained that

why the functional groups ($i, N-H and NCH,) in SiHfN-3 consumed faster than those of PHPS. As a result,
in the spectra of 308C-treated SiHfN3, the absorption peaks offland NCH; nearly disappeared, and only

a weak peak of SH remaned, which is analogous to the results of 8G&reated pure PHPS. Additionally,
residuall Hf-NMe, can take an ammonolysis reaction with Niiring heating(see Equatiors) **?, which
further improved the crodsking degreeof the sample without nitrogen losses. When temperature reached
500°C, the absorption peaks for all theH\ SkH as well as NCH; were totally disappeared in both # and

Raman spectra, and only a broad peak remained at around 800 crit. The chaacteristic band of HN-C at
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about 932 cm still existed and it was overlapped with broaeNSpeaks. At 700C, there was not an obvious

variation in the spectra.

[ Hf-NMe, + NH; Y [ Hf-N + HNMe, (Equation5s)
By comparing, it was found that the-Biand NH functional groups were consumed completely in 300
treated SiHfN3, while a little SiH groups still remained in 70@-treated pre PHPS, which indicated that, in
the pyrolysis process, the SiHfB precursors reacted and crtis&ed faster and more complete than pure
PHPS. Then it can be deduced that the modification with TDMAH promoted thelialasg reaction between
each funtional groups, improved the crebsking and ceramization of precursors, and increased the ceramic
yield in the end.

4.1.3 Microstructural evolution and crystallization behavior of SiHfN ceramics

Elemental analysis (BAdata are shown iable3 and reveal that the ammonolysis of the Sik¥idrecursor at

1000 € furnishes a ceramic with the compositionH8p ¢sd\1 3. The carbon and oxygen contents in the as
prepared ceramic avefound to bdower than 2 wfo and 1 wt%, respectivelylt is worthy to note that a strong
influence of TDMAH on the chemical composition of the resulting SiHfN ceramics was observed. It can be
seen clearly imable3 that the N/Si molar ratio dBiHfN ceramicqN/Si = 1.32in 1000€ -obtained SiHN3)

is significantly higher than that of the PHEE&rived materia(N/Si = 0.71in 1000€ -obtained PHPS)n fact,

the pure PHPS derived ceramic is rich in silicon. Thus, despite the fact that thel tiheatment was performed

in reactive ammonia atmosphere, the PHIeBved SiN ceramicstill exhibited ca. 47 md¥ of excess silicon.

Table3. Elemental analysis of the pyrolyzed SiHfN ceramics

Specimens Compositioff Empiricd formula
Si Hf N C (0]
PHPS(1000 Cin NHz) | 72.9 0 | 2589 | 011 | 104 SizNo 74Co 00800029
SIHfN-3(1000 € in NH3) | 47.1 | 16.7 | 31.08 | 1.31 | 1.03 SizHfo 058N1 32 Co 06800 030
SIHN-3(1400CinN,) | 47.0 | 162 | 33.84 | 1.82 | 1.29 Si;Hfo.054N2.44Co 0800.010
SIHIN-3(1600 CinN,) | 49.0 | 17.4 | 3149 | 1.50 | 056 SiHT0.05N1 28Co 070002

@ The hydrogen content of PHPS was neglected

The modification of PHPS with TDMAH leads to a strong enrichment in nitrogen in the resulting SiHfN
ceramics. This indicates thfatstly TDMAH is not only the hafnium source, but also the nitrogen source, a large
amount of nitrogen was introduced into the sample via the ligands of TDMAH; sectmalliffcontaining
singlesource precursors react with ammonia during the polyméo-ceramic conversion and thus their
nitrogen content is significantly higher than that of the silicon nitride resulting from the ammonolysis of PHPS.
Thus, the modification of PHPS with TDMAH does nokrely improve the crostinking degree of the
polymeric pecursors (and consequently the ceramic yield), but also facilitate the reaction between the

precursos and ammoniaand therefore significantly increases the nitrogen content in the a@sBiHN
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ceramics According to bond dissociation energy values B3Dollowed as HiN > SiN > SiC > SiHf!'*7
introduction of more nitrogen is beneficial to the formation of high temperature resistant HiN;/dp &l the
stability of the SiHfN materials W be improved.

The Raman spectra of PHPS and Sit¥Mnnealed at differettémperatures are showvim Fig. 4-5(a, b) The

Raman spectra of silicon nitride prepared upon ammonolysis of PHPS and annealed at tiffeverstures

[Fig. 4-5(a)] exhibit an absorption band at 521 ¢nindicating the presence of segregated elemental silicon.
Interestingly, the intensity of the absorption band seems to increase as the annealing temperature increas
which might be a consequence of some decompositioisigf Bto elements at high temperature (cfaNai= 3

Si + 2 Ny), which furnishes additional segregated silicon within the matét@ivever,the silicon absorption

band wasnot observed in the gsreparedSiHfN-3 [Fig. 4-5(b)]. However, anealing of SiHfN3 at high
temperatures leads to the appearance of two Raman absorption bands located at EBBIL16G02 cil, which

were assigned to the presence of small amounts of segregated carbon within the Sammeslts of Raman
characterization are consistent with the EA data, and the two measurements indicate that the pure silicon nitric
ceramic is rich in silicon, while SiHff8 ceramic is not; and they also show that there is some residue of carbon

in the SiHfNceramics which is from the TDAMH, and it exists in fbam of free carbon.

FT-IR measurements of the annealed ceramics were also performed and the results arefsgo¥b (o, d).
After ammonolysis at 1000C for 3 h, although it was generally accepted that the polyoeeramic
transformation almost completed at 100Q but the PHPSlerived ceramic still retained a small amount of Si
H bonds, and this peak vanished gradually in the higher temperatumaeintaBy further increasinghe
annealingemperature, the $i vibrationlocated at about 860100 cnit had no significant change#/hile in
the FFIR spectrum of the 100&€ -obtained SiHfN3 sample, the SH absorption peak was not found,
indicating thatSi-H groups were exhausted in the pyrolysiescessand the transformation of SiHfN precursors
was more complete than that of PHPS. Only a broad peak was observed at areLB@086®, composed by
the mixture of SN and HfN or even SN-Hf/C-N-Hf pe&ks, and this result accorded with the nature of the as
obtained singleohase ceramicWith further increasinghe annealingemperature, the@bsorption peaksgpot
separated and become sharper, along with an increase in the intensities of those pealtss duoestallization
andphase sepatian from the amorphous BiN composite After heattreatment of theamplesat 1600C , the
SiHfN-3 ceramicglisplayedthree broadbsorptiorbands whiclwere mostlyattributed tathe vibrationsof Si-N

(at ca. 1047, 934, 854 and 576m %). By further increasing the temperature to 1&0the intensities of three

peaks became stronger and sharper, owing tiuttteerphase separation agdaingrowthat high temperature.
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Fig. 4-5. (a, b)Raman spectrand (c, d) FTIR spectraof PHPSderived silicon nitride and SiHH#8 annealed at

different temperatures

In order toassesshe crystallization behavior of the SiHfN ceramicsray powder diffraction measurement of
the materials sitered at different temperatures were carried out anKRI2 patterns are showim Fig. 4-6.

The 1000 € asprepared PHPSerived silicon nitride is Xay amorphous; whereas the sample annealed at
1100 € exhibitsbroad, lowintensity reflections which were assigned to cubic silitbis is consistent with the
results obtained from EA and Raman spectroscopy mentioned above, pured&iied ceramic is rich in
silicon. Annealing of silicon nitde at higher tempetaresin nitrogen atmospheteads to the crystallization of
USisNs a n dSisN, as shown by the XRD pattern of the samples annealed a€136y. 4-6(a)], and thel-

SizN4 phaseis predominant in the composite, demonstrating that the PHRSderived ceramic started the
crystallization and phase separation at temperature below€13@a 1600€ , the diffraction peaks of botk

and b-SizN, becameintensive and sharper, suggesting the graimarsening of the crystallitesObvious
transfomation occurred at 1800 , most of theU-SisN, was phase transformed beSisN4; moreover, strong
peaks assigned trystallinecubic silicon were observed in the pattern again, indicating the decomposition of
silicon nitride at such high temperature.
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Fig. 4-6. XRD patterns of pure PHR&rived and SiHfN ceramics annealed at different temperatures

The XRD patterns of SiHfNL ceramic annealed at different temperat(iFég. 4-6(b)] were foundto have no
obvious difference with respetd those of PHP8erived silicon nitride; thussery small amounts of TDMAH

in the singlesource precursor (i.e., small amounts of Hf in SikdBMamic$ did not show a significanimpact

on the crystallization behavior of silicon nitrideramics Neverthelessas the Hf content in SiHflderamics
increasd [as forSiHfN-3, seeFig. 4-6(c)], significant effect of Hf on the crystallization Heevior was observed.

In particular the SiHIN3 samples annealed at temperatures up to 1400 € were founghitatain X-ray
amorphous, unlike the Hfee silicon nitride samples. This result clearly indicates that the incorporation of
appropriate amount dfif within silicon nitridecan effectivelysuppress the crystallization of;8i. Annealing

of SiHfN-3 at 1600 and 1800 € induced tHerther crystallizationo f -Sidd, a n dSi;Myas well as of cubic
HfN. As a resultthe singlephase SiHfN3 sample seeetlto undergo upon annealing at high temperature phase
separation and crystallization processes and converts into BNf&inocomposite It was reported that cubic
HfN and HfC were able to form complete qubsiary solid solutions , since that bothtbém were interstitial
compounds with the face center cubic (fcc) structure and the difference of the covalent radii of the N and C
atoms was only 2.6%6” “?. However, the reflections of the HfN phase of SiFBNlid not show any shifts
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along2d values with increasing the sintering temperature, this result demonstrate that free carbon did not reac
with HfN in our case.
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Fig. 4-7. Rietveld refinement of the XRD patterns of PHiRSived silicomitride annealed at different
temperatures
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denotes the difference intensities between the observed and calculated)profiles

The XRD patterns of selected samples were refined by Rietrafidement(PHPS and SiHfNB ceramics
annealed at different temperatures are showrign4-7 and Fig. 4-8, respectiely), and the volume fractions,
grain sizes and lattice constants of\giand HfN obtained from FulProfile Rietveld refinementare listedin
Table4 and Table5, correspndingly. The refined XRD pattern of the PH@rived silicon nitride indicated
that the pr edomi na n t-SiN,befoseel 800N which veas sugportecbly the reparts thai
USisN, was the stable phase of silicon nitride at low temperatmndeit usually transformed into tifiephase at
temperature higher than 16@ without additives™ “°?. In the 1300C heattreated samplethe volume
fraction of USi;N, was 95.3%, t he r-8ifNjandsmall angounb of cubic silicoand in the 160

heattreated sample, the volume fraction$isN, dropped to 90.97%, with the increase of b®i;sN, portion.
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At 1800 € , the content ob-SisN, crystallitesraised t089.76%, accompany with 3.37% cu8¢ with very

small amount of}SisN,. The grain size grew significantly with the increasing temperature, and the grain size of
both ¢Si andb-Si;N, reachedta. 100 nm at 180€ . The U to b-SisN, phase trarfsrmation was thought to be
critical to the densification of @V, and the presence of liquid silicon promoted theto b-SisN, phase
transformation at relative low temperatdré

The assessment of the XRD pattern of Sit¥fldnnealed at 1600 € revealedcrystalline phase composition
consisting of FiNY ( 6 2 .12 D 4 w sBitNo(dl).68 widh). Bhe fractions of the three
crystalline phases determined by Rietveld refinermasne in excellent agreement with the elemental analysis
data (eg., from EAdata,a HfN content of 19.2Wt.% is calculated)The grain size of HfN in SiHfN8 sample
annealed at 1600 AC was det er miSikNg/d-SBNovash3s.5 /28.3nmn m
respectively. Interestingly, the grain sizetloé twocrystal forms ofSisN, phases in SiHfN8 was found to be
bothlower than that of the $\, phases found in the PHRIBrived sample annealedthé same temperatufeU
SikNg: 4 0. BisNg 56;9 nrh), indicating that the presence olNHifi SiHfN-3 significantly affects the grain
growth of silicon nitrideln fact, even in the 160€ -annealed SiHfN2 ceramic, the grain size of 16€D-
obtained SiHfN was at the same level with 13D0obtained PHPS, proved that the grain coarsening was
greatly suppessed. Furthermore, the contentofstallineHfN in both SIHfN-2 and 3 was largely in line with
the weight ratio of TDMAH/PHPS in the precursors.

Table4. Phase composition of the samples showkign4-7, as from Rietveld refinement of the XRD patterns

_ c-Si USigN, b-SigN,
Specimens R-factors
(Fd-3m, Nr. 227) (P31c, Nr. 159) (P6/m, Nr. 176)
95.30v.% 4.70v.% Rp:5.80
1300 € annealed
PHPS o a=7.76061A, ¢=5.62209A a=762369A, c=2.90937A Rwp:7.56
Grain size35.6nm Grain size30.7nm Rexp:7.63
90.97v.% 9.03v.% Rp: 4.65
1600 € annealed
PHPS . a=7.78138 A, ¢=5.62899 A| a=7.63205 A, ¢=2.91382 A Rwp: 6.03
Grain size: 40.3 nm Grain size: 56.9 nm Rexp: 5.18
3.37 v% 6.88v.% 89.76v.% Rp: 5.27
1800 € anrealed
BHPS a=5.42736A a=7.744B A, c=5.6098 A a=7.60052A, c=2.906%5 A Rwp: 6.84
Grain size100.0nm Grain size32.7nm Grain size82.8nm Rexp: 6.24

The SiHfN-3 sample annealed at 1800 € was found to corsist Hf N ( 2 7-Si;8,%54.96twt.%p)and U
b-SisN4 (18.19 wt.%). Ths suggested thath e ma s s f r a c-BidNpintreased updrf idtreasingdhe b
annealing temperatur€ubic-Si crystal was notletectedn the XRD patterns of SiHfN8 ceramics, ahit is in
agreement with the previous EA and Raman characterizattomas noteworthy thdi-Si;N, was still the main
crystal phase in the composite, which was quite different with the observation of PHPS, meaningitiat the
b-SizN, phase transforntimsn was successfully depressed by the modification with TDMAH. On the basis of the

above resultst clearly supports the assumption that the extraordinary high temperature stability of the resulting
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SIHfN ceramicswas related to thdormation of HfN in he matrix, theSizN, phase transformation and the
decomposition 063N, at high temperature were both effectively inhibited.
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Fig. 4-8. Rietveld refinement of the XRD patternsQiHfN-3 ceramicanneatd at different temperatures

(Green tick marks arBragg peak positions of HIN-SEN, a n dSisMy. The blue line at the bottom of each XRD pattern
denotes the difference intensities between the observed and calculated)profiles

The ?°Si MAS NMR spectrm of the agrepared SiHfNB is shown inFig. 4-9(a) andreveals the presence of
three signals39.8,-47.8 and-51.9 ppm. The signals with chemical shifts38.8 and-47.8 ppm were assigned

to SiN, sites. The dference in the chemical shift of the two signals comes from the environment at the SiN
sites. Thus, the signal a7.8 ppm exhibits a typical chemical shift for $iites in silicon nitride ceramics’;
whereas the signal aB9.8 ppm is strongly lovfield shifted, which is considered to be a consequence of the
presence of hafnium attached to ik nitrogen[seeFig. 4-9(a)]. This effect was also reported in SIHFCNO
and SIiHfOC materials prepared from hafniatkoxidemodified polysilazanes and polysiloxanes,
respectively’?. The third signal in the NMR spectrum of the PHPS derived silicon nitride (chemical shift at
51.9 ppm) was assigned to SiiNand it indicates that some hydrogen is retained in Hpeegmared sample.
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Table5. Phase composition of the samples showrign4-8, as from Rietveld refinement of the XRD patterns

_ HfN U-SisN, b-SigN,
Specimens R-factors
(Fm:3m, Nr. 225) (P31c, Nr. 159) (P6y/m, Nr. 176)
11.36 v% 77.37 V% 11.27 v% Rp:5.51
1600 € annealed
SiHiN.D a=4.59803A a=7.76869A, =5.61992A | a=7.61775A, c=2.90614A Rwp:7.05
| -
Grain size15.1nm Grain size30.3nm Grain size39.4nm Rexp:7.19
21.04v.% 67.27v.% 11.69v.% Rp: 4.58
1600 € annealed
SiHIN.3 a=4.59868 A a=776662 A, c=5.62837 A| a=7.61756 A, c=2.90811 4 Rwp: 5.94
| -
Grain size: 9.4 nm Grain size: 35.5 nm Grain size: 28.3 nm Rexp: 4.08
27.65v.% 54.16v.% 18.19v.% Rp: 5.27
1800 € annealed
SIHN.3 a=4.59424 A a=7.75837 A, c=5.62148 A| a=7.60688 A, c2.91110 A| Rwp: 6.84
| -
Grain size: 31.4 nm Grain size: 50.6 nm Grain size: 52.9 nm Rexp: 6.24

The®Si spectrum of SiHfNB annealed at 1300 € ishown inFig. 4-9(b) andexhibits the presence of a nasro
and symmetric peak at9.3 ppm, revealing the presence of Sélites typical for crystalline silicon nitride.
Interestingly the signal was not léefield shifted as observed in the-piepared SiHfN3 sample. This strongly
indicates that at 1300 € thehase separation of hafnium nitride occurs (note that the sample wag X
amorphous, thus the sample can be described as an amorphgiSilfNanocomposite). Furthermore, no
SiNH.,. sites were detected in the NMR spectrum, indicating that the hydroagneleased from the sample
upon annealing at 1300 €By further raising the temperature, the Sipéak at-49.3 ppmsplitted into two
separated peaks sited-46.5 and-48.5ppm[in Fig. 4-9(c)]. The two main paks belong td h eSi;Nyor the
mixed peaks of} and b-phases, because théphase contains two unique silicon positions, Wii8isN,
contains an additional center of inversion and has only one unique site, then it reveals only one peak in its MA
NMR spectrurti’”. This result agreed well with the measurements of stardlaadd b-Si;N, published” ",
and demonstratezery good agreememtith the XRD patterns, meaning that the 16800annealed SiHfNB was
highly crystallized and the predominant phase W&N..
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(a) SiHfN-3 pyrolyzed at 1000 °C N 1 (b) SiHfN-3 annealed at 1300 °C
(1)SIN,(Hf) Eh

Intensity (a.u.)

Intensity (a.u.)

40 20 0 20 -40 -60 -80 -100 -120 140 40 20 0 -20 -40 -60 -80 -100 -120 -140
Chemical Shift (ppm) Chemical Shift (ppm)

(c) SiHfN-3 annealed at 1600 °C
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Fig. 4-9. MAS NMR ?°Si spectra of (a$iHfN-3 pyrolyzedat 1000€ ; (b) SiHfN-3 annealedt 1300 € and (c)

SiHfN-3 annealedcht 1600 C .

Sampleswith different content of hafniumpyrolyzedat 1000 € were further heattreated at 100, 1300, 1600
and 180CC with a holding time for5 hin nitrogenatmosphere at th@rgettemperaturs and the obtained
mass residue of the samples wésted in Table 6 to study the high temperature stability of the materials.
Accordingly, the SHfN ceramics show almost no mass loss up to X&5@® flowing nitrogen demonstrating
their excellent thermostability. At 160D, the mass loss of $IfN-3 ceramicis less tha 10 wt.%, even at
1800C€, the ceramic yield of SiHfN3 is still as high as 83.6 wt. % he residual mass combines the EA data
listed inTable 3, it can be drawn that the mass loss of the SiBifteramics annealemt temperatures below
1400€ is negligible and the contents of all the elements change sligth#yobvious weight loss occurred at
1600 € and 1800 € was due to the loss of N ant'®, the ceramic began to decompose and releageld®|
CO, and SiO at such high termpture. However, the PHR&rived ceramic displayed mass addition at 16Q0
this abnormal phenomenamas due to the reaction of silicon with,Mtmosphere. It was reported that Si
powders were used as active fillers in the preparing ceramic composteatsaaind Si may react with solid or
gaseous decomposition products or even with the heating gas atmoSphérén the present study, the PHPS
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derived ceramic was rich in silicon which was confirmedfsy EA, Raman and XB® and thesilicon might
react with N and result in the mass increaBesides, the weight loss of SiHBIsintered at 180& was less
than 20 wt.%, suggesting an improved higmperature stability compared with that of pure PidEfSved
ceramic, whichexhibited a ceramic yield afa. 70 wt.%""".

Table6. Residual Massf the SiHfN ceramics annealed at different high temperatures far Bitrogen

atmosphere
Samples 1100°C (Wt.%) | 1300°C (Wt.%) | 1400°C (wWt.%) | 1600°C (wt.%) | 1800°C (wt.%)
PHPS 99.7 995 n.d. 106.5 72
SiHfN-1 90.1 94.6 n.d. 102.7 n.d.
SiHfN-2 97.3 95.0 n.d. 96.3 n.d.
SiHN-3 99.1 97.5 97.0 90.2 83.6

n.d.: not determined

4.1.4 Nanostructure of SiHfN ceramics

The1000€ asprepared SiHfN3 sample and600 € annealedsiHfN-3 ceramicwere investigated by SAED

and HAADFRSTEM in order to study the nargiructural compositiarFig. 4-10(a) shows a lowmag HAADF

image together with featureless selected area electron diffract®AED) pattern as inset, revealing a fully
amorphous nature of the-peepared samplavhich is consistent with the XRD pattern. Furtherthe high
magnified HAADF micrographFig. 4-10(b)], a homogeneous microstructure with randomly dispersed bright
hafnium (Z=72) atomsshownas arrowedyvas obviously observed. This clearly demonsttateaddition to the
spectroscopic results that the 10@D asprepared SiHfN3 sample isa homogeneouand amorphous singte

phase ceramic. lis intriguing that nansized HfN was also observed in theadained ceramicbut the
crystallitesdid not fully developednd the grain size was only2lnm; additionally, large numbers of hafnium
atoms were found due to the heavy atomic mass of hafnium. This result means that, after the pyrolysi
procedure in ammonia, a part of TDMAH was transformedrystallineHfN,, while anotherpart of TDMAH

was reduced to Hf atoms, and this special structure may play an important role in the following crystallization

behavior at higher temperatures.
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Fig. 4-10. (a) Lowmagnified HAADF micrograph and SAED pattern (inset) taken from the 1000 € as
obtained SiHfN3. (b) Highmagnified HAADF micrograph taken from the thin specimen region marked in (a).

In comparisonFig. 4-11(a) shows the SiHfN3 sample annealed at 1600 €, which is composed of crystalline
phases with bright particles (sized aro®®50 nm) distributedandomlyon the less bright particles which are
larger in size (around 200 nm). The two different kinds of particles were fouhave structures that can be
well-indexed bycubicHf N  aSkN, inbhe highmagnified HAADF micrographs, as shownHig. 4-11(e)

and(f), respectively. It is worthy to note that the light nitrogen atoms (Z=7) are invisible in the HAADF images.
The clear and dered polgrystaline diffraction pattern indicated the high crystallinity of the ceramic, but the
SAED was difficult to index the diffraction rings due to the mixed reflections of th Hiid SiN phases,

which was original from the multiple crystallinghase within the SiHfN8 ceramic. Besideshe grain sized

from the microstructural observations are consistent with the calculated results from XRD measurement

discussed above.

Except for thdargesizedcrystallineHfN, plenty of single Hf atoms andudtered single Hf atoms, as well as
smaltsized HfN with the size of-5 nm were also found in abundance within the 180&nnealed ceramic
[Fig. 4-11(b)]. These smalsized HfN were found to be homogeneously €ispd in the silicon nitride matrix,
and some of them sited around the lasgeed HfN as shown ifig. 4-11(c). Intriguingly, one smalsized HfN
was being merged into tlagljacentarge crystal, it was reasonaltiteassume that the grain growth of HfN was
based on theoalescencef small crystallitesduring the sintering stage, while the single Hf atoms and small
sized HfN dispersed in the surrounding area acted as raw materials for the grain coaltser@agaorth
mentioning that furthermore substitutional and interstitial doping of hafniumiy 8nit cell was observed by
extensive STEM, which was marked by the red arrows in the inség.cf-11(b). To the best abur knowledge,

this observation has not been reported so far, and this novel structure may exhibit some new properties.

Moreover, the HfN crystallites no matter in large or small sizes seemed to be aligned along the same directiol
and it may be caused Ittice match with the &\, matrix. Grain boundaries were obseredwea the SiN,
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crystals in thel600 €-annealed SiHfMB [Fig. 4-11(d)], and they were consisted of clusters of Hf atoms and
HfN, and it was bieeved that the grain boundaries played an important role in the inhibition of the grain growth,
because the clustered Hf atoms and HfN blocked the coalescence of neighkbdijrgyStals

Dispersed
Single Hf atoms

Clustered Single
Hf atoms

SizN,
matrix

Hf-N particles
o

Fig. 4-11. (a) Lowmagnified HAADF micrograph and SAED pattern (inset) taken from the SBHfdmple
annealed at 1600 €. The SAED pattern was taken using a selected aera aperture covering the region labeled
a circle (b) (c)and (d)High-magnified HAADF mcrograph taken from the thin specimen region af(@)and

(H High-magni fi ed HAADF micrographs t ak eSaN4fQrairs@mong thesr b r
[110] and [1010] direction, respectively. Insets of (e) and (f) are atomic structussrsshindicating the atom
column positions of Hf (green), Si (dark blue) and N (light blue).

- 56 - CHAPTER4 RESULTSAND DISCUSSION



4.1.5 Summary

In this study, asinglephase SiHfN ceramic asprepared frona hafniumcontaining polysilazanrbased single
source precursor ands high-temperatire behavior concerning phase separation and crystallization was
investigatedand the results of the research are listed as fallows

(1) TDMAH was used to chemically modify PHPS precursor, and then a siogiee SiHfN precursor was
successfully synthezed with the formation of SW-Hf linkage. TDMAH can react with both-N and SiH
functional groups of PHPS, andHbonds showed higher reactivity tharFsbonds.

(2) The modification of PHPS with TDMAH improved the crdisking degree of the singlsouce precursors
and consequently their ceramic yield, the ceramic yield of the precursors pyrolyzed & 10@0Mnmonia was
improved from 82.7 wt.% of PHPS to 92.3 wt.% of SiFBNwvith increasing the weight ratio of TDMAH in
feed. An investigation of th&organic conversion of SiHfN precursors was performed, hydrocoupling and
transamination were the major reactions in the pyrolysis process, leading to an amorphoyhagggeiHfN
ceramic. Interestingly, nargized HfN and Hf atoms were found to be diged in the 100®@ -obtained
ceramic matrix by STEM.

(3) The asobtained singlgphase SiHfN ceramic wa$ound to exhibit outstanding resistance against
crystallizationat high temperature, which could be explained by the formation of HfN between the grain
boundary of SN, domains Annealing at 1300 € induaga phase separatigrocessof hafnium nitride and

thus the singlgphase SiHfNceramic converted into amorphous Hif$iN, nanocomposite Further heat
treatmenbf the sample at higher temperaturesucet! the crystallization of HN as wells- a G dSisM. It is
notable that the decomposition of ceramics &ntb b-SisN, phase transformation were both restrained in the
SiHfN ceramics.

In conclusion, the modification oPHPS with TDMAH has a strong influence on its higgmperature
crystdlization behavior and furnishes a convenient preparative access to metal nitride/silicon nitride

nanocomposites.
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4.2 SiVN(O) ceramics

A commercially availablgerhydropolysilazane (PHP32.5 wt.% solution in dn-butyl ether, AZ Electronic
Materials GnbH, Germanyas chosen asa suitable precursor for the preparation of silicon nitride. Vanadyl
acetylacetonate (99% purity, Sigmddrich) was used as a vanadium source to chemically modify the PHPS.
The chemical modification reactidmetween VO(acag)and PHPS as well as the hdsgatment of the as
obtained SiVN(O) ceramics were presented in Chapiardetail The chemical reaction between VO(agac)
and PHPS are analyzed and discussed in Set®oh. Thenthe phase separatiocrystallization behawer and
microstructures of thebtainedSiVN(O) ceramics areanalyzed andliscussed in Section 4.2.2 and 4.2.3,
respectively. Finally, Section 4.2.4 presentsptaparation of mesoporous SiVN(O) ceramics using polystyrene

as aself-sacrificial template.

4.2.1 Synthesis of the SiVN(O) singlsource precursors

SiVN(O) singlesource precursors were synthedibg the reaction of PHPS with VO(acaa) different weight
ratios at room temperature for 24The FT-IR spectra of the precursoage shown and coparedin Fig. 4-12.

As previously mentioned in Section 4.1.1, infrared absorption peéd@7atand 1171 ct(N-H), 2137 cni
(Si-H) andat 8401030 cni (Si-N-Si) were observegdand theywere assigned to PHPS. the FTIR spectrum

of VO(acac), most of the absorption peaksre located in the ranges between 1600 to&fi, and theywere
listed as follow: 1554 and 158" (C-O stretching), 1526 and 12&Mm* (C-C-C stretching), 1420, 1344,
1357 and 118&m* (C-H bending), 102G&m* (C-CH3 rocking)and 991 cm™ (V=0 stretchingy** **?. The
sharp absorption bands at 15&i* (C=C stretching vibration) and 1520 (C=0 stretching vibrationyere
the characteristic peaks derived from the acetylacetonate groups of VQ(cd FT-IR spectra oSiVN(O)
precursorsthe relative intensities of the-Hiand NH peaks were observed to be deseghin comparison to
pure PHPSsuggeshg that thee was a chemicalreaction between PHPS aMD(acac). However, itwas
difficult for all the ligands ofVO(acac) involved in the reaction because of the reaction activity and steric
hindrance. Therefore, a part of theetylacetonate ligands still remairiadhe precursors and it was confirmed
by the observation of C=C and C=0 absorption peaks in tA&Epectra of SiVN(O) precursongloreover a
new absorption band seated on the shoulder-df-Si peak was foundandit canbe assignedo the Si-O-V

unit (922 cm), which was generated upon the reaction of VO(acaith Si-H of PHPS . Another new peak
sited at 44@&m™ can be attributed to the generation of nesii\bands™?. Additionally, the C=0 peak shifted
from 1587cm* to 1570cm™* due to the formation of C=N band$ or the mixed peaks of C=N and C=0 groups.
In order to understand the reaction between PHPS and VO{ata&calculation of integrated area ratwdshe
Si-H/N-H peaks was carried out hefBhe calculated results are listed Tiable 7; however,there was no

obvious change observed in the integrated area ratios of-th\SHl peaks of different SiVN(O) precsors
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Fig.4-12. FT-IR spectra of pure PHPS, VO(acaahd SiVNO) precursors with different vanadium content.

It is repored thatVO(acac) can react vth polycarbosilanewhich is akind of Sibased polgner precursor
containing SiH and C=C functional groups’. In this report, it wagroposeahatVO(acac) reacted with SH
upon formation ofa Si-O-V linkage located at 948 ch consequently, vanadium was incorporated into the

polymerchain

For the reaction of NH bond with VO(acag) VO(acac) was reported to be anchored onte amine
functionalized substrate as a catalyst, and the complex anchoring was achieved by Schiff condensation betwe
the carbonyl groups of the acetylacetonate ligand thedfree amine groups from the substrate, with the
formation of C=NV. Additionally, the VO(acag)was further studied by anchoring with two different amine
groups: (a) an aioxidized carbon functionalized with -@mninopropyltriethoxysilane (APTES), wdhi
contained only-NH, groups in the end and (b) an acixidized carbon functionalized with trien, which
contained bothNH- in the middle of polymer chain antlH, end groupsThe results clearly demonstrated that
VO(acac) only reacs with -NH, rather han-NH- “*%. Combiring previousliteraturewith our experimerst
results,PHPS also conta@d ample-NH, terminal groups in the polymer chains, and titewas conjectured

thatVO(acac) could also react witiNH, groups of PHPS ia similar way.

Table7. Peak area ratios of the bands assigned-kb&id NH from FTIR and Raman spectra of different

SiVN(O) singlesource precursors

PHPS | SIVN(O)-1 | SiVN(O)-2 | SiVN(O)-3
Mass ratio of VO(acag) PHPS in the precursors _ 2:98 15:85 30:70
A(Si-H, 2135 crit)/A(N-H, 3372 crt) in FT-IR spectra 6.77 5.83 6.18 7.29
A(Si-H, 2135 cn)/A(N-H, 1171 cn?) in FT-IR spectra 2.04 2.12 2.67 2.61

As a result, according to the spectroscopic measurements and the related information obtajest Bties

two proposed routes for the chemical reaction between and-th@SN-H aredisplayed inFig. 4-13(a) and (b),
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respectively The SiH groups reacted with VO(acac)2 to form@GV bonds, andhe -NH, groups of PHPS
reacted withvO(acac) at ambient temperature v&chiff condensatiarnThen VO(acac) was anchored to the
polymer chain. Consequently, the modification of PHPS Wi@l{acac) resulted in the preparation of a novel
polymeric SiVN(O) singlesourceprecursor.

“ [
+Si—N*}>
_0 || 0 | I
+31— — (|)
i
(b) HSC\T/\(CH-*
|
1,C O\ /i)
—o 10 NSO
+SI_N+SI—NH1 O/V\ —_— Sl— Sl——T\i O
PN
H;C CH, M e CH,

Fig. 4-13. Proposed reaction routes betw&&d(acac) and PHPS: (a$i-H bonds reacts witkkO(acac) and (b)
T NH; bonds reacts witiYO(acac).

4.2.2 Ceramization and crystallization behavioof Si-V-N ceramics

The pyrolysis of the SiVRD) precursorswith different vanadium contentnderan ammonia atmosphere at
1000 € yielded a series of SiVN(O) ceramics and the ceramic yield are listEdbiie 8. It can be found that

there isnot a distinctifference between the ceramic yield®ne reasonable explanationpioposed as follow:

on the one hand, althoude crosslinking degree of precursarasimproved by the chemical modificatiaf

PHPS with V(acac), thae were a large amount ofireacted acetylacetone ligaridghe precursors, and they
reacted with PHP&nd evaporated during the pyrolypi®gressfinally causng a great mass losene the other

hand, darge amounbf oxygen were incorpoted into the precursors due to the modification with VO(acac)

and oxygen could be greatly removed in the reducing ammonia atmosphere. As a result, the ceramic yield of t

V-modified samples was not improved.

Table8. Ceramic yiedl of SiVN(O) precursors and pure PHPS pyrolyzed in ammonia for 3 h and residual mass

of the asprepared ceramics annealed at different high temperatures for 5 h in nitrogen atmosphere

Samples 1000°C in NH; 1100°C in N, 1300°Cin N, 1400°C in N, 1600°C in N,
PHPS 82.7 99.7 995 n.d. 106.5
SiVN(O)-1 80.1 99.6 99.7 n.d. 914
SiVN(O)-2 80.5 98.5 98.0 n.d. 83.1
SiVN(O)-3 83.3 97.2 97.0 93.1 73.4

(a) Ceramic yield and residual mass of samples are calculated in terms of weight percentage;
(b) Weight bss at high temperature are calculated with respect to the’Cofi@pared ceramics;

(c) n.d. = not determined
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The chemical reactions and structural evolution of the SiVM(@)ecursor in the ammonolysis process was
investigated by FIIR measurementsAs shown inFig. 4-14(a), the NH, C=0 and C=C bonds disappeared
completely with the temperature increasing from room temperature toCL82sides, the intensity of the-Hi
absorption decreased significantly. wiever, the ¥N, V-O and SiO absorptions wereverlappedy the broad
Si-N-Si bond andwere difficult to be distinguished. The $l bond decreased continuously with raising
temperature and finally disappeared at 700 It was reported that pure VO(acao)elted incongruently at
260 °C under an inert atmosphere, while theC&€ and GO bonds in the chelate rings disappeared above
430 °C andcausedsubsequent formation of gaseous CQ, HO and solid VO(OH) Then the hydroxide
decomposed into solid VWabove 250°C'*** “*?, By comparison, it can be deduced that VO(acao} only
decomposed at high temperatbrg also futher reacted with PHPS and ammodiaing the pyrolysisThe V-

O bond was reduced by NHind VN wadormed

] (a) SiVN(O)-3 pyrolyzed in NH, |(b) SiVN(O)-3 ceramics annealed in N,
|

71600 °C

|

| 1

q700°c | .
1

}

1so0°c 1 1400 °C
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o
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1

1000 °C (pyrolyzed in NH,)
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Fig. 4-14. FT-IR spectra ofa) SiVN(O)-3 precursoheattreated at different temperatures irfand )

SiVN(O)-3 ceramicsannealedt differenthigh-temperaturén N,.

In order to investigate the crystallizatibehavior of the SiVN(O), FTIR measuremestwere also performed

on the ceramicthat wereheattreated at different temperatures toessshe structure of the SiVN(O) ceramics

and the spectrare shown inFig. 4-14(b). In the temperature range from 1000 to 14D0only a broad peak at
around 80@1200 cm', which was the region of the vibratioasiributed to SN, SFO and AN bonds, along

with a small broad peak at 455 ¢rassigned to SD-Si bond. The SO-Si bond diminished gradually with
increasingsintering temperaturand finally vanished at 160D , meaning that the € bond was not stde and

was reduced at high temperature. At 160Q the broad peak spliinto several sharp vibrationand
demonstrated the intense phase separation and grain coarsening within the ceramic composite. The absorpt
bonds at 1037, 896, 570 and 431 coanbe attributed to SN bonds™*”. The peak at 896 ctrwas still very

broad meanwhilethe vibrations of VN (ca. 960 cril), V=0 (970 crif) and \LO (790 cn; in crystalline \4Os,
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V=0 at 1020 crit and VO at 840 crif) were all located in this region” “*?. Therefore it was difficult to
distinguish them.

Additional structure information of SiVN(O) ceramics was obtained by Raman spectroscopy, and the influence
of the modification with different content of VO(acaon the structure of the ceramics was evident from the
Raman spectra. In ttiRaman spectra of SiVN(EB [Fig. 4-15(a)], only two broad absorption bands assigned to

D (1348 cnt) and G (1602 ci) bands were observed in the samples annealed from 1000 to€1400
indicating the existence afsmall amount of free carbon within the ceramics, and the results were in agreement
with the EA data. However, a series of strong and sharp peaks were obgetted1600 € -annealed
SiVN(O)-3 ceramic, which were not found in any other samples anneatethtitely lower temperature$he
Raman spectra of 160D -annealed SiVN(O) ceramics with different contenit vanadiumare shown inFig.
4-15(b), and the effect of different amowraf VO(acac) on the structue of the ceramicss clearly displayed.

The PHPS annealedt 1600C showed only one peak at 521 tifassigned to Sj)and the spectrum of
SiVN(O)-1, which was modified by only 2 wt.% VO(acacyas similar with that of PHPS. SiVN(&) ceramic
annealed al600€ showed several peaks at 224, 256, 359 and 511 and they werd e | o n-8iNg 1o U
the Raman spectrum of 16€@0-annealed SiVN(GQ3B, which isshown inFig. 4-15(b), the peaks located at 204,

223, 446, 615, 858, 920, 929 and 1041'a@an be attributed tb-SizN,**?. The peaks sited at 281, 302, 405,
478, 523, 691 and 992 cirare strong andan be assigned toN(O). The literature conaeing the VN
vibration modes is scarce, and tRaman peaks of VNre difficult to be found in the spectra because of the
weak intensity of the Raman active scattering mode of ¥R”. But the presence of surface oxides on VN,
which may be formed on the Vparticles during the annealing, can display a well resolved signature in the

spectrumevenif the oxidesare presenin quite low amounts and not detectable by XRD**.

7(a) SiVN(O)-3 annealed in N, ——1600 °C | (b) SiVN(O) ceramics anealed at 1600 °C
] —1400:°C ] AVN(O) ca-SiN,
i 1 oSi  =BSiN,
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Fig. 4-15. Raman spectra of SiVN(O) ceramics: (a) SiVN@Xeramic annealed at different temperatares
(b) SIVN(O) ceramics with differentanadiumcontens annealedt 1600°C.

The Raman spectra indicated that no obvious chaogegrredin the SiVN(O) ceramicsvhen annealing
temperature wasdow 1400 €, suggesting the structural stability of the SiVN(©gramics at high
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temperaturesBut strong phase separation and crystallization occurred in the cerangalecht 1600C and

led to the formation ofSisN, and VN crystallie. The introductionof different amourg of VO(acac) exhibited
significant influenceon the structure of th8iVN(O) ceramics Additionally, it is also confirmedhe existence

of oxygenon the VN particles™ “*°. The variatioml tendency of the Raman spectra is in good agreement with
that of FTIR result, the SiVN(OB ceramic is relatively stable with respect to crystallization before 1@00
and shows high gstallinity at 1600°C.

X-ray powder diffraction is also a powerful method to investigate the crystallization behavior and structural
evolution of the ceramics annealed at different temperatures. Therefore, SiVN(O) pdénmaed ceramics
annealed at diffrent temperatures were measured by X&1al the spectrare shown irFig. 4-16. The analysis
and discussion for pure PHRI®rived ceramics are already presenin Section 4.1.3 Kig. 4-6) and not
repeated hereAt 1000 °C, dl the asobtainedSiVN(O) ceramicswere X-ray amorphousand they can be
regarded as singighase ceramicsThe XRD patterns of SiVN(G) ceramics hedteated at different
temperatures seemed to beoabthe same as the of PHPS, and they were not described separateByhere.
increasing the VO(acacgontent in SiVN(O) precursors, the influence of the introduction of vanadium (as well
as oxygen) on therystallizationbehavior of ceramic composites bewe remarkable. In the XRD patterns of
SiVN(O)-2, which was modified by 15 wt.% VO(acacjhe 1300°C-annealed sample kefis amorphous
feature, and the peaks assignedcitgstalline silicon were not observed, suggesting that the stability of the
ceramicwas impoved. For the SiVN(G3P ceramiowith the highest content of vanadium and oxygen, it can be
found that SiVN(O)3 ceramic annealed at temperatures range from 1000 to 4@0femained Xray
amorphousFig. 4-16(c) showed the comparison of XRD patterns of 1308annealed SiVN(O) ceramics
modified with different amounts of VO(acacPnlike the highly crystallized 13080C-PHPS specimen, it was
very distinct that SiVN(OR and SiVN(O33 ceramic annealed at 1300 were Xray amorphous; even in the
case of SiVN(OX ceramic,which wasmodified with only 2 wt.% VO(acag) its XRD pattern exhibited
weaker and broader peaks than those of PBIPHPS, suggeisty a relatively lower crystallinity of SiVN(O)
ceramics. A a result, this comparisatviouslyreveals that the crystallization of the SiVN(O) ceramics can be
restrained by addition of VO(acaayhen temperatuseareQL300°C, and the effect is in direct proportion to the
amounts of VO(acag)n feed.By furtherincreaing the heating temperatute 1600°C, the XRD patterns show
threehigh intense Bragg peala t =26&1%, 19.6 and 27.9, corresponding to reflections in tli#11), (200)
and (220) planes, respectively. Therefore, the aforementioned peaks awrde$p a structure faesentered
cubic fcc) Fm3m related to theubicVN phase.At 1600 °C, the strong diffractionpeaks of SN and VN
both appeared in the SIVN(Q)and SiVN(OJ)3 ceramicsthus, the singikphase SiVN(O) ceramics underwent
annealing athigh temperature crystallization armghase separatiprand finally VN/SisN, nanocomposite
material wadabricatedthat was consistent with preceding i and Raman result$ is reasonablehat the

VN phase was not observed in the 168@B8sintered SiVNQ)-1 specimen because of the fairly low vanadium

content.
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Fig. 4-16. XRD patterns of SiVN(O) ceramics annealed at different temperatures

Herein, an interesting variatiaa worthyto be underlinedhat the predominartdrystal phase in thet600 °C-
annealedPHPSceramic wa -SiIN,, attached with small amount 6tSi;N,, while the peakntensities ofU-
andb-SizN, in the XRD pattern of SiVN(G2 were at the same levéth contrastonly the diffraction peaks of
V N a 85N, viiere observed in th@600°C-annealedsiVN(O)-3 ceramicandn o i nd i cSkN,was n
found. The series of gradual changes in the ratiolfiSisN, phase indicated that the modification with
VO(acac) made a tremendous impact on the crystallization behavior of the resultant cehamibsr word, it
facilitated the phase transformation frdinto b-SisN,, and the effect of promath was in positive correlation

with the amounts of VO(acagc)

The XRD patterns of several SiVN(O) ceramics were refined by-Frolfile Rietveld refinement, and the
refined XRD patterns as well as the calculated volume fraction, grain sizes and lattice constant8+adnd,
b-SisN, crystalltesare shownin Fig. 4-17 and Table9, respetively. According to the calculated grain size, it

can be found that, especially in 16@-annealed SiVN(Q3B, the grain size of both VN afdSi;N, was around
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100 nm. By comparison with pure PHESrived ceramic, the grain coarsening &ffal phase transirmation
were promoted at relatityelow temperature
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Fig. 4-17. Rietveldrefinement of the XRD patterns sélected SiVN(O) ceramics

(Green tick marks are Bragg peak position¥/bf, -Sifll, a n dSizMy. The blue line at the bottom of each XRD pattern
denotes the difference intensities between the observed and calculated)profiles

Table9. Volume fraction, grain sizes and lattice constafithe samples displayed ig. 4-17, as from
Rietveld refinement of the XRD patterns

_ VN USisN, b-SisN,
Specimens R-factors
(Fm-3m, Nr. 225 (P31c, Nr. 159) (P6/m, Nr. 176)
3.65v.% 66.36 V% 30.0 v% Rp:6.88
1600 € annealed
SVN(O)-2 a=4.16065A a=7.762% A, c=5.62299A a=7.61375A, ¢=2.90961A Rwp:8.93
| -
Grain size21.8nm Grain size34.9nm Grain $ze: 28.0nm Rexp:9.24
6.23 V% 93.77 \% Rp:4.96
1600 € annealed a=4.156® A a=7.60767A, c=2.9084 A Rwp: 6.52
SIVN(O)-3 Grain size101.0 - T Rexp:6.56
Grain size97.2nm
nm

4.2.3 Nanestructure of the SiVN(O) ceramics

The 1000°C-ammonolyzed SiVN(GB and the 1600C-annealed SiVN(OB ceramic were investigated by
HAADF-STEM, and the images were comparédg. 4-18(a) and (b) showed the highagnified HAADF
micrograph of the aprepared SiVN(OB sample, revaing a fully amorphous nature of the silicon nitride

matrix. However, it is intriguing to find that naisized VN in the size of-2 nm dispersed in the amorphous

matrix randomly and homogeneously well assome bright spoté.e., vanadium (z = 23) atogh which was
similar to the observation in the HRTEM of SiHBN ThecrystallineVN at suchatiny size exceesithe tesing

limit of X-ray diffraction and lead to an Xray amorphous pattern at 100C. This result also clearly
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demonstrates that tloeysilline VN nucleated prior to gN,. Moreover, the generation ofystallineVN means
that vanadium preferred to combine with nitrogen rather than silicon or oxygen gstpynolysis conditions.

V atoms
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Fig. 4-18. (a) and (b)High-magnified HAADF micrographtaken from the 1000 € asbtained S¥N(O)-3
ceramic;(c) Low-magnified HAADF micrograpltof the SWVN(O)-3 sample annealed at 1600; €d) Energy
Dispersive Spectrometer (EDS) spectrum taken froenrégion circled in (c){(e) High-magnified HAADF
micrograph taken from the thin specimen regionchif(f) High-magnified HAADF micrographs taken from the

b-SisN, grains Insets of (f) are atomic structure schemes indicating the atom column positiofdaok $lue)

and N (lightgray).
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Fig. 4-18(c) display thatthe SiVN(O)3 ceramic annealed at 1600 was composed of two main crystalline
phases with the size around 100 nm, and they were confirmed aadfNSi;N,, which was in good agreement

with the Rietveld refinementesults.Energy Dispersive Spectrometer (EDS) spectrum taken from the dark
region indicated that the V peak was evident, suggesting the presence of VN crystallites, while the weak N peg
might be caused by poor electron scattering of N atoms and heaay Xbsorption by vanadiurfig. 4-18(e)

shows the magnified HREM image of the crystallized silicon nitride mafrhe high resolution image of inset
illustrates that the silicon nitride phase had an interplanar spacing of 0.26 nm, which was attritfu®ieNg

and thisb-phase structure was wabnfirmed by EDS (not shown) and the atomic structure scheme in the
HAADF micrograph, as shown irig. 4-18(f).

4.2.4 Mes@orous SiVN(O) ceramics

Polymer derived ceramig®PDCs)are intensively used due to their simple processability, chemical resistance
and high thermal stability. Among these applications, the us®afs as catalyst support material is promising
and has beereportedelsewherePorous PDCs materials with different pore size can be prepiinedmetdic
nangarticles can be generated from metaldified preceramic polymersand the metit nanceparicles can

be uniformly dispersd in the PDCsmatrix. For instance, acatalytic performance as efficient as for
homogeneous catalysts has been reported for Ir@SiChowever, it was unfortunate that thepspared
catalyst usually showed a low specific surface #&%A), indicating that most of the metal nanoparticles were
not accessibteas a resultthe catalytic efficiency was reduced significantlg. the case of SiVRD) ceramics,

the low SSA is also an obstacle for its applicatiothacatalyst field.

In this section, the preparation of mesoporous $M™N\nanocomposite ceramics with high surfaceads
reported.Polyolefin templatessuch as polystyrene (PS, MwafB0), lineadow density polyethylene (LLDPE
and polyisobutyl methacrylate]PBMA, Mw=70000) were usal as seHsacrificial templates. The polymer
template PHPSandVO(acac) were simplymixed in tolueneAfter thechemicalreaction and removal of the
solvent, a polymer blend was obtainéd.this study, the SiVRD) precursor with high vanadium content
(weight ratio of PHPS/VO(acacyk 7/3) was chosen as the representative, nominated \&§(S)3. The
subsequent pyrolysis leads to the formation of mesoporous(BiVdéramis, and a series of measurements
were performed on the resalj mesoporous sam@eThe detailed experimental procedure can be found in

section 3.2.3.

The mesoporous striuzed SiVN ceramics wersuccessfullypreparedafter the pyrolysis of thecompound
underanNH; atmosphere at different temperatures with a tailored program. It was reported that the major mas:
loss ofmost polyolefinoccurred between 400 and 500'€C "% “** “*? Besides, the pyrolysis profile with slow

heating rates and long dwell time was beneficial to prepare porous ceramics with high.98Aa result, a
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special pyrolysis programs described as follosvThe precursor was heated from Rith a rate of 10CC /h to
120€ andheld for 5 h at 120C in order to promote the crodisk of the precursort was therfurther heated
to 300°C with a rate of 5aC /h andheld for 3 h at 300C , further heated to 408 with a rate of 5aC /h and
held for 3 h at 40QC , further heated to 508 with a rate of30 € /h andheld for 5 h at 500C , further heated
to 600€C with a rate of 5 /h andheld for 3 h at 60CC , and then heated to 108D with a rate of 5@ /h
andheld for 2 h at 1000 . Finally, it wascooled toroom temperaturevith a rate of 10aC /h. Thus, the PS

template was ensured e removedompletely and maximum pore densityas obtained.

In order to measure tH&SA, pore volumeand pore size distributiom, nitrogenalsorption measurement was
performed on the porous ceramics prepavid different polymer templatest 1000€C. As shown inTable10,

a SiVN(O)3 ceramic withdrge SSA was achieved the 1000 €-obtained sampleéBy comparison, it can be
found that the polymer templates could increase the SSA of the ceramic in different degrdespessknce of
mesoporedas been cdimmed. It seemed thahe polystyrengemplateperformed the best in this systeWihen
PSwas used as a template, the SSA of 100@btainedSiVN(0)3-PS1 was as high as 38#/g. This may be

due to the good solubility of PS in toluene, leading to thdotmi mixing of PS template and Si{§)3
precursor. lis worth mentioning that the Si\(W)3-blankceramic prepared at the same temperature was almost
nonporous by Blabsorption isotherm analysis, which could be attributed to the collapse of the trapnsint p
during the polymeto-ceramic transformationt also highlightghe prominent role of suitable polymer template

in themakingof pores.

Tablel0. Specific surface area (SSA), total pore volumg évd micropore volume (Y of the SiVNO)3

ceramicgrepaed at 1000 €, obtained from nitrogen adsorption measurement

Samples name SSA (nflg) Mesopore SSA (Rfg) Vit (cm/g) Vm (cnt/g)
SiVN(O)3-PE1 40 37 0.086 0.007
SiVN(O)3-PBMA1 285 83 0.222 0.103
SiVN(O)3-PS1 456 292 0528 0.106
SIVN(O)3-blank 56 56 0.026 0

Because of the outstanding performance in creating mesopores, polystyrene has become the focal point of tl
research and it was mixed with SiVN(O)3 precursor in different weightstagiod the mixtures were
transformedinto ceramics by subsequent pyrolysis. The 1@&repared ceramics were investigated by
nitrogen adsorption measuremenid the pore parametea® listed inTable11 (The corresponding figurese
shownin Fig. 4-19). It can be deduced from the data that the SSA was improved by increasing the weight ratio
of the PS template in the mixture, and the maximum SSA (B06) was obtained when the weight ratio of
SiIVN(O)3/ PSwas1/2. Further increass ofthe content ofhe PS template made no contribution to the SSA. In
addition, micropores have been found to be present in the SiVNRE)3® and SiVN(O)YPS1 samples, but the
proportion of micropores decreasetthile raising thepercentage of PS template in the mixtufmally, only
mesopores could be observedhirsamples SiVN(O)3-PS2 and SiVN(O)}PS3.
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Tablell Pore parameters of tperous SiVNO)3-PSceramicgrepared at 1000 .

Samples name SSA Mm?g) Mesopore SSA (flg) | Vt(cm®g) | Vm (cnTlg)
SIVN(O)3PS0.5 147 65 0.150 0.048
SiVN(O)3-PS1 456 292 0.528 0.106
SiVN(O)3-PS2 506 506 1.009 0
SIVN(O)3-PS3 502 502 1576 0

Fig. 4-19 shows the nitrogen phys@ption isotherms and the pore size distributions (PSD) calculated based on
the desorption branches of the isotherms of these T0@MbtainedsamplesAccording to Sing et ai’?, the
isotherms of the four samples showed an intermediate feature betwedratgpéypelV isotherms, and they
revealed a trend from tygeto typelV isothermsby increagng the ratio ofthe PS templateThe presence of
mesopores waalsoindicated by the hysteresiBhe calculated®SDshowed a major porgizebetween 4 and 10

nm in diameterand the pore size increased gradually by altering the weight re@itvbi{O)3/PSfrom 1/0.5 to

1/3. Finally, large mesopores up t@5~35nm were present in th&iVN(O)3-PS3 ceramic This finding
demonstrated that the porefsthe asobtained SiVNO)3 ceramic were predominantly composed of mesopores
( 2-50 nm in pore diameter), while inropores (<2 nm in pore diameter) were rare, suggesting that the high
crosslinking degree of the SiV{D)3 precursor stabilized the porous network and avoided the collapse of
transient pores during the pyrolysis. Moreover, by usingapfgoachthe SSAand PSD of the final ceramic

could becontrolledvia simply adjusting the weight ratio tife PS template ithefeed.

It needs to be emphasized thiag 8SA obtainedn our casewas much higher than thresultreported by Ewert

et al'**?, which showed only 110 %y at 900 €. Moreover, thie SSA droppedjuickly to 50 and 3%n%g when

the samples pyroed at 1000 and 110D, respectivelyeventhoughthe weight ratio opolysilazanéPSwas

also 1/2. By comparison, he presentesearchdemonstrated a huge promotion in producingiesoporous
ceramic. Therexre severapossiblereasons for the differenesults The first reasons the difference between

the two kinds of PS templatesuchas the molecular weight and morphology. Another important reaghat

the SiVN(O)3 precursor exhibited much highemosslinking degreethan that of theolysilazaneemployedin

Ewerts casethen thePS template can deettersealed in the crodgked SiVN(O)3 precursor, andghe highly
crosslinked sample can furthestabilizethe mesgoresinside the ceramic matriguring the heatreatment
Usually, the collapsefdransient pores in porous PDCs can be attributed to two reasons: (i) the significant
volume shrinkage resulting in an unstable matrix and (ii) viscous flow blocking the formation of pores. In the
present case, the chemical modificatadPHPSwith VO(aac), can greatly increase the crdgking degree

of precursors, which subsequently stabilized the ceramic framework, and finally reduced the shrinkage an
collapse of pores. Moreover, vanadium wasformly dispersed in the precursor by chemical modiiica

During the pyrolysis, iin situ formed nanoparticles such asatomsand VN [confirmed by previous TEM
images Fig. 4-18)], which reinforced the porous structure and prevented collapse of the pores. Cathgeque
mesoporous SiVRD)3 ceramic with high SSA can be successfully fabricated using polystyrene as a self

sacrificial template with the pyrolysis temperature at 1000
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Fig. 4-19. Nitrogen adsorptiondesorption isothermand calculated pore size distributiohthemesgorous
SiVN(O)3 ceramicgprepared at 1000 € underg: (a) nitrogen adsorptiomesorption isotherms, (Ippre size
distribution

Fig. 4-20 shows the schematic diagrarof the mixing, crosslinking and pyrolysis process of fabricating
mesoporous SiVID)3-PS ceramis. Firstly, boththe PHPS precursor and PS template can be completely
dissolved in tolueneand a homogeneous solution was obtained. \Wiéhintroduction of VO(acag) PHPS
reacted with VO(acag)leading to the croskinking of the SiVN(O)3 precursorAccompanied with the onset of
phase separation, the PS phase seaded bythe SiVNO)3 precursomatrix. Subsequent pyrolysis resulted in
theformationof mesoporous SiV{D)3-PS ceramis in which mesopores aroem the thermal decomposition

and evaporation ahePS template.
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\ -\\;\\\/\ X Y ‘-’\\) SiVN('O) matrix'
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Fig. 4-20. Schemtc diagram of (ajnixture of VO(acag) PHPS ad PS;(b) crosslinking of the SiVN(O)3PS
and ¢€) final mesoporous SiVID)3-PS ceramicsbtained via pyrolysis.

In order tostudythe crystallization behavior of the mesoporous Si¥)8-PS ceramics annealed at different
temperatures, especially explae whethethere was somanfluence caused by the addition of PS templiue,
asobtainedmesoporous SiVI0D)3-PS ceramicswere further annealed at 1300, 1400 and 160Quffitlera
nitrogen atmosphere for 2, mespectively, and theX-ray diffraction measuraent was performed on the
ceramic powders. The XRD patterstsown inFig. 4-21(a) revealed that the SiV{D)3-PS ceramics prepared at
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1000€ were mainly Xray amorphous, regardless of how much PS template waduogd.By increasinghe
anrealing temperature, the ceramics retairsdorphousup to 1300 € [SiIVN(O)3-PS2 was taken as
representative hefeWhenthe samplevas annealed at 140D, some small humps assigned to silicon nitride
and vanadiunmitride emergé, indicating the phase separation and grain coargedcurred at this temperature,
leading to the formation of mesoporough&lVN ceramic nanocomposgeAt 1600€C , only highly crystallized
b-SizN, and VN remained in the residue, which wassicallythe same with the XRD pattern of 16@0-

obtained SiVN(O)alank, demonstrating no obvious influence caused by the introduction of PS template.

(a) XRD patterns | (b) FT-IR spectra of SiVN(0)3-PS2 porous ceramics
] . e BSiN, aVN

a . 11600 °C
. . » SIVN(0)3-blank-1600 °C
. ﬁ "
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Fig. 4-21. XRD patternga) and FFIR spectralf) of the SiVNO)3-PS mesporous ceramics annealed at

different temperatures

FT-IR measurementwere also performedto study the mesoporous SiY®)3 ceramicsIn the FFIR spectra
[Fig. 4-21(b)], the broad peakom 1250 to 70@m* was typical for SN, ceramis and can be attributed to the
overlapping ofSi-N and SiN-Si bands,which was basically in accordance with the-IIRT spectrum of
SiVN(O)3-blank ceramic, confiming the presence of silicon nitride ceranwfhen temperatusavere increased
to 1600€ , the broad peak divided into several sharp vibrations, demadngtiattense phase separation and

grain coarseningyhich isconsistent with the XRD ressalt

Tablel2. Pore parameters of the porous S{@NB-PSceramics annealed at different temperatures

Samples name SSA (nf/g) Mesopore SSA (Afig) | Vt(cn/g) | Vm (cntlg)
SIVN(0)3-PS11300 251 251 0.473 0
SIVN(O)3-PSt1400 77 77 0.332 0
SIVN(0)3-PS2800 642 617 1.042 0.039
SiVN(O)3-PS21300 317 317 0.879 0
SiVN(O)3-PS21400 181 181 0.811 0
SIVN(0)3-PS21600 12 12 0.045 0
SiVN(O)3-PS31300 329 329 1.346 0
SiVN(O)3-PS31400 219 219 1.289 0
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The temperaturdependent stability of thenesoporas SiVN(O)3 ceramics was also investigatadd the
results ofthe nitrogen absorption measuremaneé shown inFig. 4-22 and Table 12. Compared with the
samples obtained 4000 €, heattreatment caused a certain degree of decrease in the SSA and pore volume.
For the sample&SiVN(O)3-PS1, after the hedateatment at 130€ , the microporesannotbe detectedbut

almost all the mesopores were preserved. In the caB&/N{0)3-PS2 andSiVN(O)3-PS3, the SSA was about

300 nf/g in the1300 € annealed ceramicand further dropped toa. 200 nf/g at 1400C . This remarkable

result revealed the excellent structural stability of thelaained porous SiVN(O)3 ceramics. Moreovewas

also found that the pore sizes gradually became larger with increasing temperature. Tleenpéghture
stability of the mesoporous network could be attributed to (i) the intrinsicteigherature creep resistance
property of silicon nitride ceraimmatrix and(ii) the modification with VO(acag)eading to the crystallization
inhibition at 1300 and 140GC , which has been discussed in section 4.2.2. i@ collapse of these
mesopoous SiVN(O)3 ceramicwas observe@vhenthe annealing temperatereachedl600 €, and the SSA
decreased toal12 nf/g. The collapse of thenesgorous ceramicsould be ascribed to several reasons, and the
grain coarsening of the SiVN(O)3 matrix was regarded as the major cause: with increasing heating temperatur
espeially when the temperature was over 14DQ phase separation took place together with the crystallization

of SN, and VN, the grain growth destroyed the microstructures of the mesoporous ceramics, resulting in the
decrease of SSA.
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(b) Pore size distribution
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Fig. 4-22. Nitrogen adsorptiodesorption isotherms and calculated pore size distribution ofi¢lsgporous
SiVN(O)3-PS2 ceramic annealed at different temperatures: (a) nitrogen adsolggmption isotherms, (b)

pore size ostribution.

At 1600€C , the hightemperature was favorable to the grain coarsening of ceramics, the crystallinigil.pf Si
and VN increased intensively and the their grain size grew up to several dozens or even hundreds of nanomet:
that was much largeghan the pore sizeEBinally, it caused the complete collapse of the mesopores. On the other
hand, the SN, was not stable and easy to decompose into silicon and nitrogen at such high temperature, whic

was another negative factor for the mesoporouststrel. Additionally, a certain amount of carbon and oxygen
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were introduced by PS and VO(aca@nd remained in the ceramic¥he carbon residue caused the
carbothermal reduction between C angNgiwhile the oxygen residue caused the decomposition akttaenic

by releasing gaseous CO and SiDese reasons may also contribute to the disruption of the mesopores. In
summary, all these disadvantages worked together at high temperature and caused the collapse of pores in
ceramics, and the mesoporous ctinee may survive at even higher temperaufehe crystallization and
decomposition of the ceramic framework can be suppressed.

4.2.5 Summary

In the present work, a SiVN(O) singd®urce precursor was synthesized and the corresponding SiVN(O)
ceramicwas prepared by subsequdmattreatment under ammonidhe hightemperature properties of the

SiVN(O) ceramics were investigated and the results were summarized here

(1) VO(acac) was used as the vanadium source to react with PHPS, and then asaincge SiVN(O)
precursor was successfully synthesized. The spectroscopic measurements proved that,\¢@faes)t with
N-H via a condensation reacticend Si-O-V linkages were formed by the reaction between VO(acajthe

Si-H groups

(2) Although tle modification of PHPS with VO(acadmproved the crosknking degree of the singlgource
precursors, the ceramic yield was not improved due tdodgeof carbon and oxygen that were introduced by
the addition of VO(acag) After ammonolysis, a singieghase SiVN(O) ceramic was obtained, with the rano

sized VN and V atoms in the amorphous matrix.

(3) Theasobtained S¥N(O) ceramicexhibitedhigh-temperatureesistancevith respect tarystallizationup to
1400 €. Annealing at 1600 € causedphase sepation ofthe samplesandthe nana@omposite composed of
VN, U a n dSi;Ny was obtainedlt needs to be stresséiuat the introduction of VO(acacgould change the
ratio of Ub-Si;N, crystallites in the 1600C -prepared samplesnd onlythe b-Si;N, phag was found in
1600 € -annealed SiVN(GB ceramic Therefore the proportion ofb-SizN, can be controlled by tuning the
VO(acac) in thefeed.

(4) Mesqoorous structured SiVN(O) ceramics with high sfiecurface aremawere successfully prepared by
using wlyolefin as a selbacrificial template. The preparation of the green body was simply achieved in a one
pot synthesis by mixing polyolefin, PHPS and VO(aga&mong these three kind of polymers (RED PE,
PBMA), the PS templatelisplayecdthe best resuin the SiVN(O) system, and the SSA was as higts@8m?/g

after pyrolysis at 100€ when the weight ratio of PS/SiVN(€3) was 2/1 Further increaseof the proportion

of the PS template had less contribution to the surface area, but the pore sizdangesderhe influence of
heatingtemperaturewas intensively studied regarding the stability of the paed the megmres can survive

up to 1400€ , suggesting that the megswous SiVN(O) ceramic compositese well-suited materialsfor

catalyst appliatiors.
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4.3 SiFeN(O) ceramics

The preparation of material with micro/nasat r uct ur es has been increasingl
to their unique morphology and superior properties different with their bulk counterpart, and the use of
polymeic precursors is one of the promising manufacturing techniques. In the present wealt (&) based
ceramic paper with ksitu generated hierarchical micro/namorphology was simply prepared by pyrolyzing
filter paper template impregnated with aF&N(O) precursor, which was synthesized by the reaction of
perhydropolysilazane (PHPS) with iron(ll) acetylacetonate (Fe(acacd the experiment detailaere
presented in Chapter. Fhe chemical reaction betwedpg(acac) and PHPS are analyzed and disedsi
Section 43.1, and therSection 4.3.2 presentise phase separation, crystallization behavior and microstructures
of the SFeN(O) ceramicbtainedafter high temperature annealirffter pyrolysis in nitrogen at temperature

from 1200 to 1400 €, tle paper matrix carbonized and consisted of amorphe@sNBC and crystallized R8i,

with the generation ofiltra-long silicon nitride nanowires withigh aspect ratios (~200 nm in diameter and
several millimeter in length) both on the surface and irptives of paper, decorated with a roundSréip at

the end of the nanowirethe detailed results are discussed in Section 4.3.3, and Section 4.3.4 analyzes som
parameters affecting the formation of 1D nanostructdriee growth mechanism of nanowitiesupposed tbe
vaporliquid-solid reactiorand will be elaborated in Section 4.3.5

4.3.1 Synthesis of the SiFeN(O) precursors

The FTIR spectra of SiFe(D) precursor with different iron conteateshown inFig. 4-23. From a comparison

of the FFIR spectra, it can be found that the SiF®Nprecursors exhib#d characteristic absorption peaks of
the PHPS and the Fe(acasuch as SH (2145 cn), N-H (3375 cnt) (assigned to PHPS) and=C (1512 cm

1), C=0 (1571 cni®) [assigned to Fe(acabrnd GH (2967, 2931, 2871 cm [assigned taCH; and C=GH].

The spectrum of SiFeN(€) showed no obvious changes after the modification reaction. While in the spectrum
of SiFeN(0}30 andSiFeN(O}50, the SiH stretch absotipn peak decreased significantly, indiogtthat a
chemical reaction occurred between PHPS and Fefa@ycyomparson it was clear that the peak intensity of

the SiH bond of the SiFelD) precursors decreased with increasing the weight ratio of F{ataeed

further provel that the reaction of PHPS/Fe(aggmoceeded on account of the congugof the Si-H groups.
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Fig. 4-23. FT-IR spectra of PHPS, Fe(acaandof SiFeN(O) precursors with differeimbn content

Few reports an be found about Fe(acachput Fe(acag)can be used as a reference due to the similar physical
and chemical propertieShere is less information in the literature concerning the reactionldftf8inds with
metal acetylacetates. Some literatures have reported that polycarbosilane can react with metal
acetylacetonates with the formation ofNibonds. However, most of the evidence is indirect, such as a strong
decrease in the $i bonds or the release of acetylacetonéte”, due to the high swsitivity of the SiM bond
against hydrolysisin this case, a new absorption peak at ca. 930 was observedind attributed tothe
formation of Si-O-Fe linkages, as also reported in the literatire”; moreover the intensity of the SD-Fe
absorption bandhcreased obviously with increasing the amount of Fe(ag#odduced. However, it is difficult

for all the ligands of Fe(acac}o participate in the reaction due to the steric hindramsea resultthe
characteristic absorption peaflsrived from the ligands of Fe(aca¢lC=C and C=0Q still remained in the
spectra ofSiFeNO) precursorsBased orthe observed consumption of-ISigroups and formation of €-Fe
bonds,it can be concludethat SiFeN(O) singksource precursor was successfully synthesigezh chemical
modification of PHPS witlFe(acac) andone possible patfor the reactiorbetwee PHPS and Fe(acaayas
proposed and shown Fig. 4-24.

H H
CHs CH3 %slu—qu
C o\ O- I n
%SI— 1‘ CH—> Q
C o~ \o c Fe
|
3 CH3 O

:

Fig. 4-24. Possible reaction pathway during the synthesis of the SiFeN(O) precursor from PHPS and,Fe(acac)
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4.3.2 Microstructural evolution of SiFeN(O) ceramics powder at higiiemperature

In order to investigate the polym#r-ceramic conversion of the Fe(acacjodified PHPS samples as well as
the hightemperature evolution of the resulting SiFeN(O) cécanthe singlesource precursors were annealed
at different temperatures and tloeystalline phase composition was assessed by means of KRDXRD
patterns of SiFeN(G) annealed at different temperatuegeshown inFig. 4-25(a). Due to the low iron content,
UFediffraction peaks were not found in the pattern and the 10@gbtainedSiFeN(O)5 ceramic wagound to

be X-ray amorphous. At 1200 and 1300, some broad humps appeared and they were usually tettkitou
SizNy4, while theSi,ON, peaks were also seated in the same area and difficult to be veiitiedannealing at
1400 °C, the sharp diffraction peakss s i g n-8iM, appeared) buho ironcontaining crystalline phases
were obtainedMoreover, noformation excess silicon was observed, as it was reported for -BetiR@d
amorphous SiNsamples exposed to high temperatures in either ammonia or nitrogen atmoSpliEnes
might be related to the relatively large amount of oxygen aoedigin the samples, due to the modification of

PHPS with iron acetylacetonate.

As shown inFig. 4-25(b), SiFeN(0O)50 obtainedupon ammonolysis of the singt®urce precursaat 600C
showeda broad, lowintensityreflectionat 20=19.3, which wastentativelyassigned t&e,N “**. The intensity

of the FeN reflection was shown to increase as the sisglerceprecursor was thermally treated in ammonia at
700 € »* 2 This is in agreement to other reports diséngsthe formation of iron nitrides (e.g. /& or
FeNs.,) as the results of the heagatment in ammonia atmosphere ofifésed compounds such as oxides or
halides, elemental iron is generated intermediary as a result of the reduction of the iron cengralind
subsequently nitrided by ammonia®*?. But if the heating temperature was increased to TDQ0t can be

found in the XRD pattern that f¢ began to dcompose and forra-Fe, which was in agreement with the
literature™* " ' n t he present case, we as s umEeotctrsaduetdthee ¢
large amount of hydrogen present in the ammonolysis atmosphere at those high temperatures (i.e., 700
1000 €). As reportedecently, iron nitrides can exhibit significantly decomposition in the presence(el/éh

at moderate temperatures, i.e. exceeding 400°€) Hencejt is assumd that the increase of the temperature

of the ammonolysis induces the generation of specific partial pressures of hydrogen in the furnace atmosphel
which are high enough to fulfill the denitridationf t he i r on ni-FetWhdnahe SikeN@»0g e n e
ceramic was further annealed at 1ZDOunder N atmosphere, except for the intensive peak+&k, a small
amount of SION, phase was also found in the XRD patte8iaON, phase was an intermedi¢é product and it

was usually reported to be formed after the pyrolysis of polysiloxane precursor®iradimonia atmosphere

at lowprocessingemperaturesin our case, the modification with Fe(agaa)so introduced oxygen into the
precursor, as a ra, the decomposition behaviaf SiFeN(O}50 was similar to that of polysiloxane, this
explained that whysi,ON, was observed in thannealed SiFeN(€)0 specimenAccording to the research of
Siddigi and Hendry'?, the equilibrium stable phases formed on nitriding ,$iQmixtures in the temperature
range from 1300 t o-SikNSD 6 SOIG+Cwand the slbility lofethe fobmed phases

depended strongly on the @artial pressure, in other words: increase in th@dadtial pressure can promote the
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formationof Si,ON,, while SiN, was more stable than,8N, in low O, partial pressuté’” “?. Subsequently,
with increasing the heating temperatures or with the extension of the heating timatmdsphere, the phase
transformation from SON, to SkN, can be accelerated and onlyNsicanbe found in the final sample.

With increasing the sintering temperature to 1300the intensity of the @N,O reflections increasemoreover,
FeSi was detected as crystalline phas#ereashe XRD pattern of the sample annealed at 1400 € show the
presence of FSi asamain crystalline phasieeside onlysmall amounts of SDN, a n dFe.(s the intensity of

the reflections assigned toJfSei increased and i n t-Reedecseasetan irtensityeond h o
can assume that the formation of;&e probably r el i eflewihrhe GiRetlGhaseda c t i
amorphousnatrix.T h e r e a ¢ withSpONewhichlmay also lead to the formation of;Eecf. Si,N,O +

3Fe =FegSi+SiO(@)+N(g) can be ruled out, as its @G values

for the annealing experiments.

{(a) SiFeN(O)-5 1 (b) SiFeN(O)-50
. oa-SiN, sFe,N = Si,ON,

1z 7 i *a-Fe «Fe,Si
|
.N\NJ o1 ! 2 i , 1400 °C
| 5 . []

:‘ 1 — ] A‘
d = w‘ | 0° 3' *
< WAL oo o 22 e 8 - :
£ Wi AR 2 22 1400°C| 3.1 " IR T
o ‘ 1300°¢| 2
£ 5 o A 1200 °C
—_— - i T ——
N £ ] e, PRy 1000 °C
| ‘ i 1200 °C :k A A & N " 700 °C
i 1000 °C ] A 600 °C

5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
2 Theta (°), Mo 2 Theta (°), Mo
Fig. 4-25. XRD patterns of ceranms@owder annealed at diffaretemperatures: (a) SiFeN{B)xnd (b)

SiFeN(O)50.

Interestingly, only very weak reflections related tgNgiwere observed in the SiFeN(©B)-based recared
powder samples annealed at different temperatiurdgating a poor crystallization therediowever some
colorless USizN, nanowires were found on the surface of crucible after sintering at %@ nitrogen
atmospherdFig. 4-26). The formation of the nanowires is considered to be a consequence of-aatalyzed

VLS (vapa-liquid-solid) process®*?, as they exhibit F&i tips. However, as the growth of the nanowires was
not observed on the powder surface (as it may be expected) but on the surface of the cruagdemsehat
during the highemperature annealing in nitrogen atmosphere iron, being the main crystalline phase in the
ceramic powder, evaporated and condensed on the surface of the crucible, thus allowing for the VLS growth c
t h eSi;NJnanowires ontoti”*?. As the nanowires were decorated withStewe can rule at the VS growth
mechanism o8isN4 on the surface of SiC crucible, as recently repd?‘f‘@d
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Fig. 4-27. HRTEM analysis of the Pap&FeN(O)50 pyrolyzed at 1300 € under ,Natmosphere: (a) low
magni fication TEM over vi ew-Sa\N dano@ireE ) TiM timage and SAED N s ¢
patterns of the nanowire and the round tip; (c) retmamical measurements of the round tip:XE@op) and

element mapping (bottom)
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HRTEM micrographs of the silicon nitridgased nanowires obtained upon annealing at 1400 € jrard
shownFig. 4-27. In Fig. 4-27(a), it is shown that the nanowires consist of sirgle y s t aSkN, ihave a U
uniform diameter ota. 300 nm and were growing along the <011> directiaditionally, the nanowire ha
uniform surface morphology with few defects, whishn accordance witthe SEM observationgig. 4-27(b)
shows the round tip at the end of a silicon nitride nangwihgch was brighter than the nanowire in the TEM
image the tip was shown also to be singlgstalline, though witmo obvious orientation relationship between
the tip and nanowire. IRig. 4-27(c), the EDX profile (top) indicated that the round tip predominantly contained
iron and silicon, with a little nitrogen, carbon and gey contaminationelement mapping indicates that the
nanowires consist mainly of Si and N, thus being in agreement with the XRD data, and the tip was composed
Fe;Si; moreover,SisN, nanowire was found to grow out from the center of th&SFep whichwas considered

to play a catalytic role towards accelerating the growth of 1D nanostructieesly supporting the VLS

mechanisno f t he gr-8igMinanovdrés. t he U

4.3.3 SiFeN(O)based ceramic paper

The cotton linters filter paper consists mainly of cellulose fibers containikggBoups, which were used to
modify the paper surface with the SiFeN(O) sirgheirce precursor. gording to the FAIR spectra shown in
Fig. 4-28(a), it was clear that the filter paper was successfully modified by SiFebBl{@yecursarHowever,it

is not clear how the SiFeN(&) precursor was grafted to tbellulose fibers, i.e., whether physical or chemical
bonding occurredThe SiFeN(OpB0-modified hybrid paper was pyrolyzed at 700 and 1000 € under NH

atmosphere and converted into a blacka} amorphous ceramic paper contairsngna | | a mbéafFigt s o

4-28(b)].

{@ ] o (b)

{SiFeN(0)50

|Paper-SiFeN(0)50 a-Fe

a1

Paper-SiFeN(0)50 1000°C

|Filter Paper

Intensity (a.u.)

Intensity (a.u.)

Paper-SiFeN(0)50 700°C

Filter paper 1000°C
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Fig. 4-28. FT-IR spectra (a) and XRD patterns (b) of cotton linters filter paper as well as of thessingte
precursommodified hybrid paper as prepared (as for the FTIR spectra) antrbatad at different temperatures

in NH; atmosphere (as for the XRD patterns).
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SEM measurement was also performed on the sajoteithe images arshown inFig. 4-29. Fig. 4-29a)
shows the SEM image of the original filter paper, it was made upetiilose paper fibersand lots of pores
existed between the fiberShe EDX profile exhibited that the papg&as predominantly composed of C and O
(as well as H which was difficult to be detecteH)g. 4-29b) shovs the micrograph of the SiFeN(O)50
precursor impregnated paper, and it can be confirmed from the ED}ephatt themodificationwas successful,
because both Si and Fe signals were collettted the sampleAdditionally, themodificationdid not change

the feature of the original paper, the paper fiber and pores can still be clearly obS&Meahicrograph of the
SiFeN(O) ceramic paper obtained upon ammonolysis at 1000 € are shawig. 4-29(c), after the pyrolysis
under ammoniathe oxygen signal disappeared in the EOXIt Si and Fe was retained in the cerapaper,
which was in agreement with the XRBsult. Althoughsome shrinkage can be observed (compare the thickness
of the cellulose fibers in the paper template with that of the resulting carbon(ized) fibers in the ceramic paper
due to the pyrolysis prodare, but itsintrinsic morphologyof the cellulosebased paper wasreservedThe

ceramic paper consists mainly of carbon fibers and embedded in a SiFeN(O) matrix.

Fig. 4-29. SEM micrographs taken frothe surfaces of (a) original filter paper, (b) SiFeN(O)50 precursor
impregnated paper and (c) Paf3#FeN(O)50 prepared at 1000 € under pHhsets show higimagnification
images of the samples and EDX profiles.

The TEM micrographs of the SiFeN(O) ceiamaper showiin Fig. 4-30(a) indicatethat the ceramic paper is

multiphasic, consisting of carbon fibers and ceramic SiFeN(O) matrix. The ceramic is composedstfatetho
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