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CHAPTER|

INTRODUCTION

Silicon nitride (SiN4) is one of the most promising structural materiais
high-temperature and high mechanical stress apioita It was developed in the
1960s in a search for fully dense, high-strengith lsigh-toughness materials. Silicon
nitride has better high-temperature capabilitiemntmost metals. In addition, its low
thermal expansion coefficient gives good thermalckhresistance compared with

most ceramic materials.

Porous ceramics are essential for many industsiesre high surface area and
insulating character are required. They can be asefilters in diesel engine, filters
for exhausted emission, filters for molten metalembrane reactors, and catalyst
carriers (Zhang et al. 2005). Mesoporous silicdnde has been suggested as a good
candidate for base-catalysed reactions. Potassiaded high surface area silicon
nitride was also found to be an efficient superbaatalyst suitable for alkene
isomerisation reactions (Kaskel and Schlichte 20Pb)osity in ceramic also reduces
density of specimen. With the expansion of appleest for porous ceramics, high
porosity as well as high strength are requireth@aisame time.

Porous ceramics have also been attracting gretrest for various
applications relating to separation in severe @mwirents, in which other materials
such as metals or organic materials cannot be uBedous ceramic thin films with
fine pores are candidate materials for the semaratf specific gas, liquid and solid

phases under high temperature or high corrosive@amments.

Many researches have been done on the prepardtioorous silicon nitride
and silicon nitride-based composité®rous silicon nitride ceramics with a fibrous
microstructure have been synthesized directly mgathermal nitridation of silica, in

which carbon black was used as carbon source.s®igN, was used as seed



(Yang et al. 2005a). In the early works, porougail nitride ceramics with high
porosity have been fabricated by adding small armoticarbon (0.7-3.4 wt %) into
a-SisN4 powder before sintering. Then, porous SigMginanocomposite ceramics
have also been synthesized using the same apprbathysing different ratio of
C/SiNa.

Silicon nitride can be prepared by the carbothenredliction and nitridation
of silica/carbon mixture. This process is the eatlimethod used for 8l
production. The process involves the reaction aba@a and silica in a flowing

nitrogen atmosphere at temperatures in the raoge 1200° up to 1450°C.

RF gel was prepared by resorcinol (R) and formatdeh(F) according to the
method of Pekala. Porous carbon gels were obtdinaddrying and carbonization of
RF gel that have high specific surface area. Tthesporous silica/carbon composite
could be formed by combining co-polymerization asdl-gel processes using
resorcinol and formaldehyde as sources for poradson matrix and a precursor for

silica.

In this research, porous silicon nitride is systhed by the carbothermal
reduction and nitridation of the silica/carbon casipe, whereas the composite is
formed by carbonization of dried gel prepared w&gel process using resorcinol
(R), formaldehyde (F) and silicon-containing specés precursors. The composite
fabricated by such approach has been proved to imageporous structure with high
specific surface area. Effects of various facteugh as type of silica precursor, molar
ratio-of Si and C, aging time, solvent exchange emditions for the carbothermal
reduction and nitridation, on the structure ofcsih nitride are investigated in this
work. The scopes of this study are as following:



1. Porous silicon nitride is synthesized by the carbonal reduction and
nitridation of silica/carbon composite, which isepared by sol-gel

method.

2. Parameters of the investigated reaction are dividéa two parts, i.e.
preparation of silica/carbon composite and conearsif the silica/carbon

composite into porous silicon nitride.

e In term of silica/carbon composite preparation, iteestigated
parameters includéype of silica precursor, the molar ratio of
silica and carbon, aging time and method to rensmeent from

the obtained gel.

e In term of converting silica/carbon composite iptmrous silicon
nitride, the main investigated parameter is reacttone to

observe the progress of the reaction.

This thesis is divided into five parts. The fiteree parts describe general
information about the study, while the followingdwparts emphasize on the results
and discussion from the present study. The backgi@and scope of the study are
presented in Chapter I. Chapter Il consists ofthile®ry and literature survey, while
the experimental systems and procedures usedsrstinly are shown in Chapter IlI.
The experimental results, including an expandedudision, are given in Chapter V.
Finally, in the last chapter, the- overall conclusicom the results and some

recommendations for future work are presented.



CHAPTERIII

THEORY AND LITERATURE SURVEY

2.1 Silicon Nitride Powder

Silicon nitride is a high-temperature structuratamic that does not exist in
nature. It is not easy to obtain high purity siicoitride powder with fine grain size,
narrow size distribution and economically. The dualing techniques are usually
applied to synthesize-SizN4 powders (Yang et al. 2005a): (1) nitridation oftaiec
silicon powder, (2) gas-phase reaction of silaBgcérbothermal reduction of silica in
nitrogen atmosphere, and (4) precipitation and ntlaérdecomposition of silicon
diimide. For industrial production of silicon nidie powder, silicon, silica and silicon
tetrachloride (SiG) are the three commonly used starting materials tfe
aforementioned processes, because they are aeaitabigh purity on an economic
basis or can be easily purified. Typical properbésilicon nitride powder produced

via these processes are shown in Table 2.1.



Table 2.1 Typical properties of silicon nitride powders puoeéd by various

processing techniques (Matovio30

_ereqt Vapor phase Carbothermal Diimide
nitridation . L i
- synthesis nitridation synthesis
of silicon
Specific surface
area 8-25 3.7 4.8 10
(mflg)
Oxygen content 4 55 4 1 1.6 1.4
(wt %)
Carbon content ", 4 1 4 \ 0.9-1.1 0.1
(wt %)
Metallic
impurities (wt %)  0.07-0.15 0.03 0.06 0.005
Y Fe, Al, Ca
Crystallinity 100 60 100 100
(%)
al(a+B) 95 95 95 85
(%)

2.2 Crystal Structure of Silicon Nitride

It has been generally accepted that there are ¢wosf of crystalline silicon
nitride, designated asx and  forms. Detailed X-ray diffractometry (XRD)
examinations in the mid-1950s have proved thattistal structure of bothw andf
polymorphs are hexagonal (Turkdogan et al. 195&jowever, their respective
structural dimensions are different. The structwieg-phase andr-phase are shown

in Figure 2.1 and Figure 2.2 respectively.



N Si
v ® A
A O B

Figure 2.1 B-SizN4 unit cell: the structure di-SisN4 can be described as a

stacking of Si-N layers in ...ABABsequence.

N Si

v e A
A O B
A & C
v o D

Figure 2.2 a-SizsN4 unit cell: the structure af-SisN4 can be described as a

stacking of Si-N layers'in ...ABCDABCD... seque.

2.3 Carbothermal Reduction and Nitridation of Silic

The carbothermal reduction of silica powder und#rogen is the earliest
method used for silicon nitride production (Rile§0B). The process can be described

by to the following overall reaction (Segal 1985).
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3SiI0(S) + 6CE + 2N(g <« SkNa(9 + 6COQ) 2.1)

Fine a-silicon nitride powder can be produced directlyusing very fine silica.
The reaction is usually performed at temperaturethie range of 1200-143G,
depending on the reactivity of raw materials. Néwaess, the overall reaction is
reported to be slow, requiring many hours to comepleSince the reaction relies on
solid contacts between silica and carbon, excesgiatof carbon is required for full
transformation of silica to silicon nitride, whigtten results in free carbon remaining
in the nitrided powder. By annealing this powderair, the residual carbon can be
oxidized, but so is the silicon nitride. Consequerihe product powder produced by
this method often suffers from purity problem ass@e with residual carbon and
oxygen content. However, this route has an advantagvailability of the reactants,
i.,e. C and Si@ The characteristics of the 3Bi powder resulting from the
carbothermal reduction process depend on manyrgaotomely the C/Si©ratio, the
nitrogen flow rate, reaction temperature, partisiee and specific surface area of

silica and carbon as well as the presence of irtipsri

2.4 Fabrication of Porous Silicon Nitride Ceramics

Pure silicon nitride is difficult to produce asfuly dense specimen. This
covalently bonded material is not readily sinteealsind cannot be heated over
1850°C, as it dissociates into silicon and nitrogen. $esilicon nitride can only be
made using techniques that give bonding indireetlg, an addition of small amount
of chemicals to aid densification. These chemieaésknown as sintering aids, which

commonly induce a degree of liquid phase sintering.

Up until now, porous 3N, has been successfully prepared by partial sirgerin
(Kawai et al. 1997; Yang et al. 2003), restrainedesing (Yang et al. 2001), type
casting (Inagaki et al. 2000), partial hot-pressfifgng et al. 2002)partial forge
sintering (Yang et al. 2005a), addition of fugitimelusions (Di"az et al. 2005; Yang
et al. 2005b), or non-oxidation process (Kaskel &ctlichte 2001). Most of these
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processes requires-SisN, as the starting powder. Consequently, the comgenen
fabricated from these processes are too costlyrnimmy applications, because;i$j

powder is expensive and high-temperature sintersngequired (Yang et al. 2005a).

(1) Partial sintering

Partial sintering is a process that has been dpedldrom the conventional
sintering for powder compact. It generally used to fabricate porous ceramic
materials composed of oxides (Yang et al. 2003)this process, porous silicon
nitride ceramic can be prepared by varying theorafithe densification additives or
by changing the sintering temperature (D1'az e2@05). Sintering additives used are
usually AbOs, Y,03 or Y,Os. Densification (porosity) is controlled by adjusgithe

additives and the sintering process.

The densification of $N; with Y,03-Al,0O3 or Yb,O3:—Al, O3 sintering
additives starts at 1400-1500 whereas >90% relative density can be achieved fo
sample with high additive content (Suttor and Fmsah 1992; Yang et al. 2000). The
additives react with the native SIOn the surface of §\l, grains to produce a glass

or crystalline phase.

(2) Partial hot-pressing

This method employs high‘temperature and high press sintering process.

Partial hot-pressing (PHP) using X33 as the sintering additive amdsilicon nitride

is a starting powder to prepared porous silicorid@étmaterials. In this method, the
precise porosity can be controlled. The powdersewegighed and packed into the
hot-pressing mold. In the mold densification ocedrwith the increasing temperature
and pressure. Thus, the density can be simply aedisely determined by the
configuration of mold and the amount of startingypa The PHP was carried out in a
furnace at a temperature of 18G0under nitrogen atmosphere. A gas pressure of 30

MPa was applied at temperature higher than 3@ @¥ang et al. 2002).



(3) Partial forge sintering

The partial sinter-forging is a very simple tecue, which does require only
conventional hot-pressing equipment and graphites.diln this technique,
microstructure and porosity can be controlled byoasding suitable sintering
temperature, time and mechanical press. Partitdrsiorging was conducted using a
hot-press furnace with mechanical press was apptibibh temperature.

Porous silicon nitrides with aligned rod-like graiwere fabricated by using
partial sinter-forging technigue, where uniaxiatgsure was applied after soaking at
elevated temperatures (Kondo et al. 2002). Rod-BKeon nitride grains were
formed during the soaking, and the grains werenaligby the subsequent forging.
The grains were aligned perpendicularly to the gingsdirection. The microstructure

also shows protruding rod-like grains as well ae$ior hollows.

(4) Addition of fugitive inclusions

Porous silicon nitride can also be fabricated byngisa removable fugitive
particle during the sintering process. The pore siz the sintered silicon nitride
depends upon the size of the fugitive particle @/&h al. 2002). The porous;Si,
ceramics fabricated by this process has large aegtdspaced pores, good
permeability and has been used for filtration aggtions. In this method, fugitive
particles are added into an initial ceramic mixtdreese particles can be divided into:
(i) equiaxial organic particles, such as starch g@w(Di"az and Hampshire 2004),
plastic particles (carbohydrate powders) (Lyckfeldt Ferreira 1998), and (Yang et
al.) long fibers, such as cotton threads (Liu 199¥) metal wires (Zhang et al. 2001).
The mixed powder is obtained, following by dryingdasintering in furnace at 180D
under flowing of nitrogen. Excellenqgermeability is achievable for porous ceramics
with unidirectional pore because gas can flow diyebrough the pore. However, the

fabrication process is too complicated and difti¢al large componentShort fibers

can also be used as a pore-forming agent. Thetaesplores are random, but the pore



10

morphology is a long, rod-shaped tunnel, which kdbuates to high permeability
(Yang et al. 2005b).

(5) Non-oxidation sol-gel process

In this method, the process is operated under @mydrous nitrogen
atmosphere or in an argon-filled glove box. Siliatiimide gel was prepared by an
acid-catalyzed ammonolysis of tris(dimethylaminly)amine (Cheng et al. 2004).
The obtained gel was pyrolyzed under ammonia fleading to the formation of
amorphous silicon nitride. Kaskel et al. (2001)pgameed silicon imido nitride by
ammonolysis of silicon tetrachloride in organic vauits followed by removal of
ammonium chloride in ammonia atmosphere at elevastperature. The obtained
silicon nitride in this method exhibited a mesop@atructure with a high surface
area, narrow pore-size distribution and no carbontamination. Although this
technique can result in porous silicon nitride whtigh surface area, the process is

complicated since it is highly sensitive to oxygen.

2.5 Sol-Gel Processing

Sol-gel process is a versatile solution processttier synthesis of advanced
materials, including ceramics and organic-inorgamybrids. In general, the sol-gel
process invalves transition of a solution systeamfrcolloidal liquid "sol" into solid
"gel" phase. Utilizing the sol-gel process, it Gspible to fabricate advanced materials
in a-wide variety. of forms, e.g. ultrafine or sphbal shaped powders, thin film

coatings, fibers, porous or dense materials, atr@mely porous aerogel materials.

The starting materials used in the preparatiomef'sol” are usually inorganic
metal salts or metal organic compounds such asl mktaxides. In a typical sol-gel
process, the precursor is subjected to a serielydfolysis and polymerization
reactions to form a colloidal suspension, or "sélurther processing of the "sol"
makes it possible to make materials in differemntris.
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2.6 Resorcinol-Formaldehyde (RF) Gel

RF gel was first synthesized by Pekala via solqgalycondensation of
resorcinol (R) and formaldehyde (F) with sodiumbcerate (C) as catalyst (Tonanon
et al. 2005). A polycondensation reaction betweesorcinol and formaldehyde
results in a three-dimensional polymer matrix chllthe RF hydrogel. Then,
mesoporous carbon gel (CG), which is consistedotil scarbon skeleton can be
formed by heat treatment of the RF gel after sdlexthange and drying (Lin and
Ritter 1997; Pekala 1989).

The major reactions between resorcinol and forgtalde include (1) an
addition reaction to form hydroxymethyl derivative€H,OH) of resorcinol, and (2)
a condensation reaction of the hydroxymethyl denes to form methylene (-GH
and methylene ether (-GBCH,-) bridged compounds (Lin and Ritter 1997). Figure
2.3 illustrates a brief mechanism of the sol-gelyperization of resorcinol with
formaldehyde.

For the formation of carbon gel, pH of the solutauring RF gel synthesis is
one of the most crucial factor affecting propertaedstne resulting carbon gel. The
initial pH of RF solution has effects on surfaceeagr pore volume, pore size
distribution and nanostructure of the gel. A lovigtial pH yields carbon gel with
higher surface area and pore volume. If the inpidl is too high, the condensation
reaction is hindered, resultingin a less croskethRF structure that would collapse
during drying and pyrolysis and leading to carbah gith lower surface area and
pore volume(J. Aguado-Serrano et al. 2004; Lin -and Ritte37)9
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Figure 2.3 Reaction mechanism of the sol-gel polymerizatibresorcinol

with formaldehyde.
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Pore structure and surface area of the final cagebrepend not only on the
conditions of RF gel synthesis, but also on thandyyand carbonizing techniques.
Three kinds of drying techniques are availabledovert the hydrogel to a solid RF
gel. The first method is drying in an inert atmosgh which gives a RF xerogel
(Pekala 1989). A second method is freeze-dryingchviiields a RF cryogel (Tamon
et al. 1999). The third method employs superctitgdraction with carbon dioxide,
which results in a RF aerogel (Lin and Ritter 1997

The method of drying RF gels influences the stmgctof carbon gels.
Xerogels, obtained by heating the RF hydrogel innant atmosphere, have the most
compact structure with the lowest specific surfarea (<900 fig). The highest
surface area is found in the gel lyophilized afteeze-drying int-butanol (>2500
m?/g), but the resulting carbon cryogel is not suwally stable, i.e. the measured
surface area decreasing with time. Supercriticiiaekion with liquid carbon dioxide
yields aerogels with an intermediate value for theface area (ca. 1000 %)
(Czakkel et al. 2005).

2.7 Mechanisms for Crystal Growth from Gas Phase

Two types of mechanism are often used to explam ¢hystal growth
associated with gas phase, as shown in Figurekawdi and Yamakawa 1998). In
the vapor-salid (VS) mechanism, Figure 2.4(a), dleaimspecies diffuse toward a
substrate through an interfacial gas layer, andraesl on the surface of the substrate.
The adsorbed species - may be mobile: on the surfadesequently; nucleation and
crystal growth occur, accompanied by the eliminatwf any by-product. In VS
mechanism, the diffusion of the chemical speciethengas phase and their surface
migration on the substrate are fast. Therefore digposition rate will be obtained if
a reaction between the chemical species is fasigindOn the other hand, there are
few studies focusing on the use of the vapor-ligotid (VLS) mechanism. As
shown in Figure 2.4(b), if liquid-phase exists osudstrate, chemical species must be

first dissolved in the liquid phase for crystal @th. Next, they diffuse in liquid and
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adsorbed on the substrate. Finally, crystal grovdturs via nucleation in the liquid
phase. The diffusion rate of the chemical specidbe liquid phase is probably much
slower than in gas phase. Therefore, the rateeobtipplement of chemical species to
nucleus for crystal growth is very small. This rfésun high nucleation density and

the formation of the finer crystals than those tigio the VS mechanism.

° Diffusion
Interfacial layer L
v NGy e S — 000K
Adsorption Migration and Crysia
Substrate Nucleation Growth
(@
Dissolution
* o Diffusion
. L. g
Liquid Phase Y oy *\J*'* = 4_; *@ —) XXX
Adsorpiion Viigration and Crysta
Substrate Nucleation Growth
(b)

Figure 2.4 Mechanism of two types of gas phase process: $apnéchanism,
(b) VLS mechanism.



CHAPTER 11

EXPERIMENTAL

This chapter describes the experimental systemspeowkedures used in this
study. The chapter is divided into five sectionsct®n 3.1 is raw materials. Section
3.2 is the preparation of silica/RF hydrogel. Smatt8.3 and 3.4 present preparation of
porous silica/carbon composite and porous silicoitride, respectively.
Characterization of the products is presentedendht section.

3.1 Materials

Chemicals used in this study include 3-amino propyiethoxysilane
(APTMS), tetraethyl orthosilicate (TEOS), resordif®), formaldehyde (F) solution
sodium carbonate anhydrous, sodium silicate soiwimd nitric acid (HNG).

3-Amino propyl trimethoxysilane (APTMS) 97% andrgatthyl orthosilicate
(TEOS) 98% were purchased from Sigma-Aldrich Cham{@ompany and used as
received.

Resorcinol 99%, formaldehyde solution 37%, sodiusmnbonate anhydrous
and nitric acid were purchased from Asia Pacifie&alty Chemicals Limited and
used as received.

Sodium silicate solution extra pure was purchasedhfMerck Chemicals
Limited and used as received.

3.2 Preparation of Silica/RF Hydrogel

The synthesis of silica/RF gel was carried outcbypolymerization and sol-
gel processes using resorcinol, formaldehyde, sodiarbonate and distilled water as
raw materials for RF gel structure and APTMS asrecyrsor for silicon. 9 g
resorcinol and 0.0106 g sodium carbonate were Wsdan 10 ml distilled water.
After homogenizing, 12.6 ml formaldehyde was addHae solution was stirred at

room temperature for 15 min. Then, APTMS in thedptermined amount was added
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to the solution with continuous stirring. The siliRF gel was aged for the
predetermined period of time at room temperaturthaut stirring. After aging,
solvent in the gel was removed by solvent prodessthe sample was immerseds
ml of t-butanol for 24 h, renewed with fredh butanol everyday. The solvent
exchange process was repeated for three timesllyfisgica/RF gel was removed

from t-butanol and dried in oven at I’IDfor 16 h to obtain silica/RF hydrogel.

In case of pH control, the pH of the solution vealjusted to desired value by
adding 10% HN®to the solution after formaldehyde was added.

3.3 Preparation of Porous Silica/Carbon Composite

Porous silica/carbon composite was obtained byolpsis of the dried
silica/RF hydrogel in the step-wised fashion frofi02to 750C. Pyrolysis was
conducted under a 200 ml/min flow of nitrogen gasiitubular flow reactor. At first,
the silica/RF hydrogel was heated to 26Gat a constant heating rate of°C0/min,
and kept at this temperature for 2 h. Then it westdd to 758 at a constant heating
rate of 10C /min and kept at this temperature for 4 h. Thadpct from this step is

silica/carbon composite.

3.4 Carbothermal Reduction and Nitridation

For the carbothermal reduction and nitridation #néea carbon composite
powder was put into an alumina tray (25 mm x15 msmm deep) and placed in the
horizontal tubular flow reactor. The schematic dgagy of the reactor system is shown
in Figure 3.1. The powder was then heated in caotis flow of argon at 50 I/h to
1450°C, at the rate of 10°C/min. After the systerad hreached the desired
temperature, the argon stream was replaced witixtm of 90% nitrogen and 10%
hydrogen with total flow rate at 50 I/h. The reantwas kept in this condition for 6 h.
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The obtained product was later calcined in caltioe at 700°C for 10 h to remove

the excess carbon.

Furnaci
Reactor tube
Gas inlet ~ Sample tray Gas outlet
|
y ~ Furnaci
—
3 Flow meter
Ar H> N

Figure 3.1 Schematic diagram of the tubular flow reactor eyst
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3.5 Characterization of the Products

The obtained products were characterized by usargpus techniques, as

following:

3.5.1 X-ray Diffraction Analysis (XRD)

Crystalline phases of the product were determimednfX-ray diffraction
analysis, using a SIEMENS D5000 diffractometer V@Ko radiation. Each sample
was scanned in the range 6f2 10-50 with a step size of2= 0.02.

3.5.2 Fourier-Transform Infrared Spectroscopy (R) -

The functional groups in the samples were deterdhioy using a Nicolet
6700 infrared spectrometer. The sample was mixéa MBr with sample: KBr ratio
of 1:100 and formed into a thin pellet, before neesent. The spectra were
recorded at wavenumber between 400 and 4000 with resolution of 4 c. The

number of scan for the measurement was 64.

3.5.3 Thermogravimetric Analysis (TGA)

The residual carbon content and thermal behaviothef samples were
determined by using thermaogravimetric analysis o8I Q600 instrument. The
analysis was performed from temperature of 50 @®C under a heating rate of

10°C/min in 100 ml/min flow of either-oxygen or nitreq.
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3.5.4 Scanning Electron Microscopy (SEM)

Morphology of the products was examined by usingcanning electron
microscope (JSM-6400, JEOL Co., Ltd.) at the Sdierand Technological Research
Equipment Center (STREC), Chulalongkorn University.

3.5.5 Transmission Electron Microscope (TEM)

The morphology of an individual grain in the sanspleas observed on a
JEOL JEM-2100 Analytical Transmission Electron Msrope, operated at 80-200
keV at the Scientific and Technological Researchuipment Center (STREC),
Chulalongkorn University andJSM 2010 Analytical Transmission Electron
Microscope at National Metal and Materials TechggloCenter, Thailand. The
crystallographic information was also obtained frahe selected area electron
diffraction (SAED) analysis performed in the samstiument.

3.5.6 Surface Area Measurement

BET surface area of products was measured byawheritics ChemiSorb
2750 and Micromeritics ASAP 2020 at Center of Ebsele on Catalysis and
Catalytic Reaction Engineering laboratory, Chulgkworn University. For this

measurement nitrogen gas was used as the adsorbate.

3.5.7 Gas Chromatography

A gas chromatography, Shimadzu modal 8A (GC-8A)immpd with a
thermal conductivity detector (TCD), was used talgre gas composition during the
carbothermal reduction and nitridation process.rdgién, hydrogen and carbon
monoxide in the gas-outlet stream from the tubfitaw reactor were analyzed using
Molecular sieve 5A column, while carbon dioxide veamlyzedby using Poropak-Q

column. The operating conditions for the gas chitography are shown in Table 3.1.



Table 3.1 Operating conditions for gas chromatograph

Gas Chromatograph

Shimadzu GC-8A

Detector TCD
Column Molecular Porapak-Q
sieve 5A

- Column material SUS SUS

- Length (m) o -

- Outer diameter (mm) 4 -

- Inner diameter (mm) 3 -

- Mesh range 60/80 -
350 -

Maximum temperature’C)

Carrier gas Ar (99.999%) Ar (99.999%)
Carrier gas flow (ml/min) 30 30
Column temperature

- initial (°C) 70 70

- final (°C) 70 70
Injector temperatur€’C) 100 100
Detector temperaturéQ) 100 100
Current (mA) 70 70
Analyzed gas N2, Hp, CO CQ
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CHAPTER IV

RESULTSAND DISCUSSION

4.1 Preliminary Experiments

In preliminary experiments, silicon nitride synttseaccording to the proposed
approaches was validated by comparing products thencarbothermal reduction and
nitridation of carbonized RF gel with and withoulicen precursor. RF gel was
prepared by sol-gel polycondensation accordingrocqaures reported in literature
(Tonanon et al. 2005) and APTMS was used as a mecwf silicon. Figure 4.1
shows XRD of the products after the nitridation.céxing to the XRD analysis, the
RF carbon gel after nitridation is amorphous phasele the nitrided product of the

carbonized RF gel with APTMS &-silicon nitride.

m o-Silicon nitride

Intensity (a.u.)

(b)

(a)

20 25 30 35 40 45 50
20 (degree)

Figure 4.1 XRD patterns of nitrided powders obtained by using
(a) pure RF carbon gel (b)daFbon gel with APTMS.
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Figure 4.2 SEM micrographs of RF carbon gel (a) before rtiimh and
(b) after nitridation.
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(© (d)

Figure 4.3 SEM micrographs of silica/RF compasite with th&CSiatio of 0.07:
(a) before pyrolysis, (b) after pyrolysis, (c) aftétridation and
(d) after calcination
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Figure 4.2 shows SEM micrographs of RF carbon gefbore and after
nitridation. It can be seen that the nitrided piichas same porosity and morphology
as the original RF carbon gel. Similar observatieas also found in the case of
powder prepared with silicon source (APTMS). Aswhdyy SEM micrographs in
Figure 4.3 (a) to (c), silica/RF gel before pyradyssilica/carbon composite obtained
after pyrolysis and the nitrided product have sam@phology, all of which are
consisting of grains with uniform size. This resudidicates that the structure,
morphology as well as porosity of subsequent prtsddepend upon the formation of
silica/RF gel. BET surface area of the product ilei after pyrolysis (334.29 %)
and that obtained after nitridation (331.3F/gh are not different because both
products still contain high carbon content. On dileer hand, the final product after
calcination (Figure 4.3 (d)) has lower surface a(88.14n%/g) because carbon
content was burned out and only silicon nitride a@m in the sample. Therefore, it
can be concluded that the residual carbon in thekacontributes to large fraction of

the measured surface area.

Figure 4.4 shows the results for TGA analysis ibfe&gRF gel in nitrogen
atmosphere. This analysis simulates the pyrolysisgss that converts silica/RF gel
to silica carbon composite. The results indicatat tabout 45 wt% of organic
compound is lost during pyrolysis. Further TGA as& of silica carbon composite
was done in oxygen atmosphere. The results (Figub@ suggest that there is
approximately 20 wt% of silica in the composite.eTitest is residual carbon in the

sample.
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Figure 4.4 TGA analysis in nitrogen atmosphere of silica/R¥Fag various molar
ratios of silicon and carbon: &)C = 0.03, (b) Si/C = 0.05 and
(c) Si/C = 0.07.
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Figure 4.5 TGA analysis in oxygen atmosphere of pyrolyzed&iRF gel at various
molar ratios of silicon and carbon: (a) Si/C = Q.(8 Si/C = 0.05 and (c)
Si/C = 0.07.
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(b) ()

Figure 4.6 TEM micrographs of the nitrided product witiolar ratio of Si/C = 0.05:
(a) nitrided powder, (b) graghaind (c) silicon nitride.
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Figure 4.6 shows TEM micrograph of the nitrided pewwith molar ratioof
Si/C = 0.05, prepared without solvent exchangshdiuld be noted that sample shown
in this Figure has not been calcined. In this Feguattice fringes are clearly seen.
Nevertheless, close examination reveals two tygesystalline material. The first
one shows curved features with lattice spacing.87® nm (Figure 4.6(b)), which is
expected to be carbon in graphite form (TrasslleR@02). The other material is

silicon nitride with the lattice spacing of 0.19® rfFigure 4.6(c)).

The results from preliminary experiments confirnattisilicon nitride can be
synthesized from silica/RF composite when APTM$ised as silica precursor. The
morphology of the resulting powder depends on tivenétion and composition of
silica/RF gel. Further experiments were conductetind suitable precursor of silica
for the synthesis of porous silicon nitride, as Ivad effects of several factors on

properties of the obtained products.

4.2 Effect of Silica Precursor

In this work, three silica precursors, i.e. APTMEOS and sodium silicate
were investigated. Silica/RF gel composite powdes vprepared by sol-gel and
co-polymerization process with an addition of siligrecursor. The results from the
X-ray diffraction analysis of the final nitridedqatucts after calcination are shown in

Figure 4.7.
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Figure 4.7 XRD patterns of nitrided powders obtained aftdcioation at 700C for
10 h when various kinds of silica precursor aed1 (a) TEOS (b) APTMS

and (c) Sodium silicate.

From the XRD analysis, it can be observed thatilicon nitride can be
synthesized only when APTMS is used as silica pseeu The nitrided products of
silica/RF gel using TEOS and sodium silicate aspil@eursor are silica in cristobalite
phase. Figure 4.8 shows FT-IR spectra of silicai®mposite with various silica
precursors. Anti-symmetric and symmetric stretchviigrations of Si-O-Si bonding
(refering to silica) are observed-at wave numbet,d60 and 800 crhin all samples.
In addition, the sample that used TEOS or sodiuhcase as precursor shows
amorphous silica band at 570 tfi€armakar et.al. 2000). However, it is anticipated
that APTMS has a suitable structure to form crog&sll Si-O-Si network during the
sol-gel process, while TEOS and sodium silicatay not be appropriate silicon
source because they result in amorphous silica tbahtransforms to cristobalite at
temperature in the range of 1,000-1,ZD@Kamiya et al. 1990)t has been generally
accepted that cristobalite is the most chemicalple form of silica. Thus, once
cristobalite isformed, silica in the composite can not be reduoddtermediate SiO,
which is essential for the formation of silicon ride during the carbothermal

reduction and nitridation (Matovic 2003).



~—~° SiO-Si
—  SiO-Si
(Amorphous)

-~ OH

Transmittance (%)

4000 3600 32002800 2400 2000 1600 1200 800 400

Wave number (cm'l)

Figure 4.8 FT-IR spectra of silica/RF composite that ugsAPTMS,

(b) sodium silicate and (c) TE@sSprecursor of silica.
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Figure 4.9 FT-IR spectra of silica precursor usedhe preparation of silica/RF
composite: (PTMS and (b) TEOS.
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FT-IR spectra of APTMSnd TEOS which were used as silica precursor in
the preparation of silica/RF composite are showirigure 4.9. These spectra have
the same silica absorption bands as observed iard-ig.8. The differences come
from C-H and the other organic band. The FT-IR gsialresults indicate that, during
the formation of silica/RF composite, the organ@néls of APTMS and TEOS

disappear.

4.3 Effect of Si-to-C Ratio on Properties of SilicNitride

Figure 4.10 shows FT-IR spectra of silica/carbomposite after pyrolysis
(before nitridation) at various Si/C molar ratids.is shown that all silica/carbon
composites have absorption bands at wave numb&@®#and 1100 cil, which are
corresponding to Si-O-Si bonding. These resultdicarthe presence of silica in all
pyrolyzed samples. It should also be noted thatstgeals for Si-O-Si bonding are

more pronounced in the sample with high Si/C ratio.
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Figure4.10 FT-IR spectra of silica/carbon composite at various nraléos of Si/C.
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Figure 4.11 is XRD analysis results for silicotride powder obtained from
silica/RF composite with various molar ratios of silicorcarbon. The results confirm
that the product obtained after calcination wasail nitride, mainly ino-phase. No
other crystalline phase was detected. Table 4.1 siR&IS surface area of silicon
nitride powder synthesized in this section. It isrs¢hat all products synthesized in
this work have much higher surface area than theverttional silicon nitride
granules, which indicates significant increase imropily. The surface area is
increased when amount of silica precursor is iregdaAt the Si-to-C ratio of 0.01,
the powder has the lowest surface area becausatiins silica in low content, but
has high amount of carbon. Small amount of silicGalts in weak pore structure of
the obtained silicon nitride. Subsequently, the pore caldpsing calcination process
where carbon in the sample is removed, causing écesdse in surface area of the
sample. Higher the SI/C ratio leads to the stropgee structure, which prevents pore
collapsing and retains high surface area afteriretion. The surface area of the
obtained product reached maximum at Si/C molaprati0.05. At the molar ratio
higher than 0.05, silica in the silica/carbon comigoagglomerates and yields large
silicon nitride grains, which decreases the surfaea. This can be confirmed by
shows SEM micrographs of the silicon nitride povedafter calcination that were
synthesized from silica/RF composite with variouslan ratios of Si/C (Figure 4.12).
The results also indicate that silicon nitride $gsized in this work is consisted of

uniform grains, which are smaller than that in the conwveatisilicon nitride.
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m o-Silicon nitride
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Figure4.11 XRD patterns of silicon nitride powder synthesizgth various Si/C
molar ratios, after calcination at 7@for 10 h:(a) 0.01; (b) 0.02;
(c) 0.03; (d) 0.05 and (e) 0.07.

Table 4.1 Surface area of silicon nitride powder synthesiwét various Si/C

molar ratios after calcination.

Si/lC Surface area (ffg)
with solvent | without solvent
molar ratio exchange exchange
0.01 69.57 60.95
0.02 74.64 62.00
0.03 183.01 163.51
0.05 212.63 204.29
0.07 99.14 78.73
Commercia!
silicon nitride 1.2-13.0

" Source: PRED Materials international, Inc.
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(€) (f)

Figure 4.12 SEM micrographs of the silicon nitride synthesizeth
various Si/C molar ratios, after calcination: (2010 (b) 0.02; (c) 0.03;
(d) 0.05; (e) 0.07 and (f) centional silicon nitride powder.
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Results from TGA analysis in oxygen shown in Figdr&3 suggest that
majority of residual carbon can be removed by aaliton. All calcined samples
reveal no significant mass decrease during the B@a&lysis. Only small amount of
carbon remaining in the product after calcinatisrobserved in samples with high
carbon content, i.e. samples synthesized with $i/©.03 and 0.05. On the other
hand, for the sample with low carbon (i.e. higliceih content), slight mass increase is
observed at the analysis temperature higher th&iC/0This is the result from

surface oxidation of silicon nitride.
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Figure 4.13 TGA analysis of the final products after calcinatprocess with
various molar ratios of siliedn-carbon: (a) Si/C =0.03,
(b) Si/C =.0.05 and (c) SiI@®.H7.
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4.4 Effect of Solvent Exchange on Properties at&il Nitride

The results in Table 4.1 also show effect of thethod to remove water from
the silica/RF composite on the surface area of dgifieon nitride poroduct. The
product that was treated witkbutanol in the solvent exchange process has higher
surface area than the product that was dried witBolvent exchange. Since water
has high surface tension, removal of water fronoi@ by direct drying can cause the
pore structure to collapse by capillary force. @e dther hand, water removal by
exchanging witht-butanol, before subsequently drying, can preventh seffect
becauset-butanol has lower surface tensioRigure 4.14and 4.15 show SEM
micrographs of silica/RF composite after dryingf@oe pyrolysis) and the silicon
nitride powder after calcination process respedbtiveigure 4.14(a) and 4.15(a) show
microstructures of powder which was prepared watlvent exchange. Figure 4.14(b)
and 4.15(b) show microstructures of powder preparnggout solvent exchangé. is
clearly seen that the powder prepared without siwlegchange is more compact than
the powder prepared with solvent exchange. It $® ashown that solvent exchange
process results in uniform grains of the particldse powders formed without solvent

exchange are agglomerated.
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(@) (b)

Figure 4.14 SEM micrographs of silica/RF composite with Si&fie of 0.07,
before pyrolysis: (a) prepavéth solvent exchange; (b) prepared
without solvent exchange.

el
Aipre x 18880

@) (b)

Figure 4.15 SEM micrographs of the silicon nitride powder w&HC ratio of 0.07,
after calcined: (a) preparathwsolvent exchange, (b) prepared without

solvent exchange.
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(@) (b)

(©) (d)

Figure 4.16 TEM micrographs and SAED patterns of the silicamise powder
synthesized with Si/C molaioat 0.05 without solvent exchange,
after calcination process:gajorphous phase, (b) SAED
of amorphous phase, (c) crystalon nitride and
(d) SAED of crystal silicon mite.
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(©

Figure4.17 TEM micrographs and SAED pattern of the silicomidé powder

synthesized with Si/C aralatio = 0.05 with solvent exchange,

after calcination process
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(@) (b)

Figure 4.18 TEM micrograph and SAED pattern of the silicon idiérpowder
synthesized with Si/C molargat 0.07 without solvent exchange,

after calcination process.

(@) (b)

Figure 4.19 TEM micrograph and SAED pattern of the silicon idiérpowder

synthesized with Si/C molatio = 0.07 with solvent exchange,

after calcination process.
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Figure 4.16-4.19 show TEM micrographs and SAEDepa# of silicon nitride
after calcination process. According to Figure 4.k6 which silicon nitride was
synthesized with Si/C ratio of 0.05, the produchsists of both amorphous and
crystal phase. SAED pattern of Figure 4.16(a) showh16(b) confirms the presence
of amorphous in the sample. On the other handiffereht spot in the same sample,
the product forms into single crystalline silicortride (Figure 4.16(c)-(d)). Similar
observation was found on the sample processedavgtep of solvent exchange, as
shown in Figure 4.17. However, the crystal phasthis case is polycrystalline. At
Si/C ratio of 0.07, majority of the sample is calBhe with high crystallinity, as
evidenced for SAED patterns shown in both Figuig 4nd 4.18.

It is suggested that amorphous phase observed T in Figure 4.16(a)
and 4.17(c) when silicon nitride was prepared @tC molar ratio of 0.05 may be
free carbon (Trassl et al. 2002) residing in theamied powder. This result is
consistency with TGA analysis (Figure 4.13) becamsess loss in silicon nitride

comes from free carbon that was burned out of ainepte.

For the products prepared with solvent exchanggu(ei4.17 and 4.19), the
particle sizes of these products are not differemen though the Si/C ratio of the
samples are different. On the contrary, for the gam prepared without solvent
exchange, it can be clearly seen that particle@izdlicon nitride in Figure 4.16(Si/C
= 0.05) is bigger than Figure 4.18(Si/C = 0.07) ldwer, surface area of silicon
nitride powder obtained with Si/C molar ratio oDB.is higher than that of silicon
nitride obtained from Si/C molar ratio of 0.07. Thigiher surface area is the result
from-amorphous phase presented in silicon nitrioder obtained with Si/C molar
ratio of 0.05. It should also be noted that pasicbf products prepared without
solvent exchange (Figure 4.16(c)) are more agglatedrthan the product prepared

with solvent exchange (Figure 4.17(a)).
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4 5 Effect of Aging Time on Properties of Silicon Nid&

Figure 4.20 and 4.21 show pore size distributibthe calcined porous silicon
nitride with the Si/C ratio of 0.05 and 0.07, respeely. All samples were prepared
with the aid of solvent exchange. It can be seahdh samples share common feature
in the pore size distribution, i.e. bimodal distiion with peaks around 40 and 200
angstroms, respectively. Regardless of the poee digtribution, it is conclusive that

silicon nitride synthesized in this work is mesapgs.

L0 —e—No agin
0.9 +Aginggl g(lljay
0.8 —— Aging 3 days
0.7 —— Aging 5 days
0.6 1 —x— Aging 7 days
0.5
0.4
0.3
0.2 1
0.1
0.0

10 100 1000

Pore diameter (angstrom)

Figure 4.20 Pore size distribution of calcined silicon nitridewder prepared from
silica/RF composite with Si/C ratio of 0.05, ugwarious aging times.
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Figure 4.21 Pore size distribution of calcined silicon nitridewder prepared

Pore diameter (angstrom)

from silica/RF composite with Si/C ratio of 0.Qi&ing various

aging times.
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Figure 4.22 The average pore diameters of silicon nitride sgsited with various

aging times: (a) Si/C molaigat 0.05 and (b) Si/C molar ratio = 0.07.
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Table 4.2 Surface area of silicon nitride powder synthesafker calcination

with various aging times.

Molar ratio  Aging time

Si/lC (day)
0.05

Surface area (ffg)

201.12
211.86
355.37
200.77
271.56
229.36
281.80
290.67
316.43
159.44

0.07

NUWER oNUOWER o

According to the results for samples with Si/C gatif 0.05 (Figure 4.20)
samples aged for, all of aging times investigateansone major peak around 30-40
angstroms and minor peak at pore size bigger tfaab@stroms. Table 4.2 shows
BET surface area of calcined sample with Si/C maddio of 0.05 at various aging
time. From these results, it is found that thregsdaf aging results in porous silicon

nitride with the highest surface area.

When silicon content is increased to Si/C rati® €f7, pores with size around
25-40 angstroms apparently get smaller as the agimg is increased, while large
pores (e.g. larger than 100 angstroms) seems w lgrger. The growing in pore size
of the large pores occurs because gel forms irggebiparticle, when it is aged for
long time. The highest surface area at this ma#o ris obtained after five days of

aging.

Figure 4.22 shows average pore diameters of silietide synthesized with
various aging times. In general, aging time of siica/RF gel composite dose not

influence the average pore diameter of the silimitnde powder. Nevertheless, the
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aging time has effect on strength of the silicageFnetwork.It can be seen that from
Figure 4.21 small pores in sample, which was agedohg time, remain very small
even after the nitridation at high temperaturéds Isuggested that strong structure of
silica/RF gel is developed during aging time. Ih ¢alerate severe synthesis processes
without shringkage or cracking (Husing and Schub2005) and remains as

mesoporous structure in the final products.

4.6 Effect of pH on Properties of Silicon Nitride

The gelling time of RF solution is affected by mifithe solution (Aguado-
Serrano et al. 2004). The same effect is also fannithe preparation of silica /RF
composite. The lower pH of RF solution gives theger gelling time. This behavior
is similar to that reported by Aguda-Serrano e{2004). For silicon nitride prepared
from silica/RF composite with Si/C molar ratio oDB at pH 3.0, 4.0 and 5.0, the pore
size distribution are shown in Figure 4.23. It /ious that pH value has effect on
pore size of the silicon nitride powder. The powdenthesized at pH 3.0 has wide
pore size distribution, in the range of 14-600 #&mgss. Lin and Ritter (1997) also
found that a lower pH tended to produce a broades pize distribution in xerogels.
At pH 4.0 the pore size distribution shows two geakound 41 and 235 angstroms.
However, when pH of the silica/RF composite is kapts.0, the obtained silicon
nitride powder shows wide pore size distributiolgufe 4.23(d) also shows pore size
distribution of carbon derived from RF gel withcaddition of APTMS. The result
indicates that it is mesoporous with the diamefepare larger than that of silicon

nitride powder.
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Figure 4.23 Pore size distribution of the calcined silicorridé powders, which were
synthesized from silica/RF composite preparedfédreint pH value:
(@) pH =3.0, (b) pH = 4.0 and (c) pH = 5.0; and RFboar(d) prepared
atpH=74

The pH of RF solution and APTMS are 7.0 and 8.0speetively.
The silica/RF solution obtained after mixing RFumn and APTMS together has pH
around 7.0. When pH of the mixed solution is adjddty HNQ, rapid change in pH
has influence on structure of the silica/RF comigoand therefore the structure of
silicon nitride as well. Comparing with the proddicim silica/RF composite without
pH control (Figure 4.20), a decrease in macropdrine® silicon nitride is observed
when pH of the silica/RF solution is adjusted tadvacidic. On the other hand, when
compared with RF carbon (Figure 4.23d), the praglwsth pH control have smaller
mesopore. Products obtained from all values of p#amost purely mesoporous.
APTMS added to the RF solution results in a deeréaghe mesopore diameter of

the obtained silicon nitride product.

Figure 4.24 shows XRD analysis of products whidrevprepared by adjusting
pH of the silica/RF solution at different valuescan be seen that the synthesis pH

also influence the crystalline phase of the siliognde product. At pH 4.0 and 5.0
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the obtained products consist afsilicon nitride and small fraction db-silicon
nitride, but at pH 3.0, the product is amorphouabl& 4.3 shows surface area of
silicon nitride powder synthesized with various pBluesafter calcinationand RF
carbon composite. The highest surface area obtain $ilicon nitride prepared at pH
= 4.0 while RF carbon composite and the others plies are slightly difference

surface area.

m o-Silicon nitride
¢ B-Silicon nitride
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Figure 4.24 XRD patterns of the calcined silicon nitride powglprepared from
silica/RF solution at different pH values: (a) pt3.0, (b) pH = 4.0
and (¢) pH =5.0.
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Table 4.3 Surface area of calcined silicon nitride powdeihv@i/C ratio of 0.05,

synthesized with various pH valussnpared witiRF carbon.

pH Surface area (ffy)
3.0 381.72
4.0 549.19
5.0 343.52
TR 334.29

* RF Carbon

TEM micrograph and SAED pattern in Figure 4.25vgl@amorphous phase in
the sample synthesized at pH 3.0, which also aonfith XRD analysis result in
Figure 4.24(a). Silicon nitride synthesized at pid d4nd 5.0 are polycrystalline, as
confirmed by the SAED patterns in Figure 4.26(bdl dn27(c) respectively. Closer
investigation of the TEM micrographs reveals thatjle crystals of silicon nitride are

agglomerated to form polycrystalline particlessesn in Figure 4.26(a) and 4.27(a).
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(@) (b)

Figure 4.25 TEM micrograph and SAED pattern of the powder sgatred with Si/C

molar ratio = 0.05 at pH 3.fleacalcination process.

(@) (b)

Figure 4.26 TEM micrograph and SAED pattern of the siliconidigrpowder
synthesized with Si/C molaigat 0.05 at pH 4.0, after calcination

process.
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(@) b) (

()

Figure 4.27 TEM micrographs and SAED patterns of the silicanice powder

synthesized with Si/C molaraat 0.05 at pH 5.0, after calcination

process.
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4.7 Effect of Reaction Time on Properties of Sitidditride

In this section, effect of reaction time during tterbothermal reduction and
nitridation process is investigated. The reactiometinvestigated is in the range of
6-10 h. The silica/RF composites used in this sactvere prepared with Si/C ratio
0.05 and 0.07 without adjusting pH of the silica/8dtution. They were aged for 7
days, solvent exchanged witlbutanol and subsequently dried before pyrolyZédge
X-ray diffraction analysis results of products frotie nitridation with different

reaction time are shown in Figure 4.28 and 4.29.

m - Silicon nitride

Intensity (a.u.)
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Figure 4.28 XRD patterns of products from the carbothermal otidn and
nitridation of silica/RF composite at molatioaSi/C=0.05 with
various reaction times: (a),¢d) 8 h and (c) 10 h.
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Figure 4.29 XRD patterns of products from the carbothermalotidn and
nitridation of silica/RF composite at molar ca8i/C=0.07 with

various reaction times: (a),6d) 8 h and (c) 10 h.

According to XRD patterns in Figure 4.28 and 4.2%an be found that all
products arex-silicon nitride. The sample mass loss increaseswvthe reaction time
for the carbothermal reduction and nitridation relpnged as shown in Table 4.4.
This result is in agreement with mechanism of ailicnitride synthesis via the

carbothermal reduction and nitridation process pseq earlier (Segal 1985):
SiQ(s) + Cl «> Si0QE + COE (4.1)
3SiIOg) + 3C6) + 2No(g) <> SkNa(s) + 3CO ¢) (4.2)
The longer the reaction time, more silicon monexisl generated, according

to Equation 4.1. Generation of silicon monoxideasponsible for mass loss in the

sample.
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Table 4.4 Sample mass loss after nitridation at varioustr@ad¢imes.

Molar ratio Reaction time 0 Average pore Surface area
- % mMass 0SS o meter (A)

SifC (h) (m*/g)

0.05 6 28.55 41.10 291.59
8 33.70 45.13 328.58
10 36.08 48.33 288.91

0.07 6 31.16 44.14 334.89
8 37.44 46.27 354.92
10 39.62 46.79 345.61

Table 4.4 also shows average pore size of the ssmphe average pore
diameter of the obtained silicon nitride powderr@ases as the reaction time is

lengthen because the silicon nitride primary phasiagrow bigger, creating larger

pores.
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Figure 4.30 Concentration of carbon monoxide gas which was rgéee during

the carbothermal reduction and nitridation.
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In this work, the concentration of carbon monoxaahel carbon dioxide in the
exhaust gas from the reaction were constantly ramdt No carbon dioxide was
detected for the whole reaction process. For carbonoxide, the results are shown
in Figure 4.30. It should be noted that the timé@ohin in Figure 4.30 refers to the
time which the system starts heating up from roemperature under constant flow
of argon. It took 145 min for this heating up pregein which no reaction was taken
place. Nitrogen gas was fed to the system aftet45min. According to Figure 4.30,
when the temperature of the system reaches 900atCt & 90 min.), silica
spontaneously reacts with carbon to generate siliconoxide and carbon monoxide.
The highest amount of carbon monoxide is genertd@00 °C (t = 120 min.). After
nitrogen is supplied to the reactor, silicon mowexigas reacts with carbon and
nitrogen, according to Equation 4.2, resultingilicen nitride and carbon monoxide.
The concentration of carbon monoxide decrease®i@seaction progresses, since
silica in the silica/carbon compaosite is consumglde overall reactions producing

silicon nitride are shown in Equation 2.1.

Figure 4.31(a) and 4.32(a) show TEM micrographsth& silicon nitride
powder synthesized after calcination process \8itlC molar ratio = 0.05 in the
carbothermal reduction and nitridation for 8 h d@dh respectively. The particles of
silicon nitride in these figures are agglomerateyure 4.31(b) and 4.32(b) show
morphology of silicon nitride particles. These Hesundicate that silicon nitride
particles have many fine pores. in the structurguie 4.31(c) and 4.32(c) indicate
that when the carbothermal reduction and nitrigai prolonged, fine particles of
silicon nitride agglomerate and sinter into polygtafline particles. Silicon nitride in
Figure 4.31(b) has lattice spacing of 0.208 nm.

The reaction time for the carbothermal reductiod aitridation also has the
same effect on silicon nitride powder synthesizath v6i/C molar ratio of 0.07.
Figure 4.33(a) and 4.34(a) show that, as the @agirogresses (e.g. 8 or 10 h of
reaction), particles of silicon nitride become magglomerated than the silicon
nitride synthesized for 6 h shown in Figure 4.19GBAD patterns in Figure 4.33(c)
and 4.34(c) also show that the obtained silicond@$ are polycrystalline.
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Silicon nitrides synthesized via the carbothernealuction and nitridation for 8 and
10 h with this Si/C molar ratio have lattice spaciof 0.226 nm and 0.205 nm

respectively.

(@) ) (b

(©)

Figure 4.31 TEM micrograph and SAED pattern of the siliconidigrpowder with
Si/C molar ratio = 0.05 syrdized via the carbothermal reduction and
nitridation for 8 h, after cadation process.
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@) (b)

(c)

Figure 4.32 TEM micrograph and SAED pattern of the siliconidigrpowder with

Si/C molar ratio = 0.05 syrdized via the carbothermal reduction and

nitridation for 10 h, afted@aation process.
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40 nm

(@) (b)

(c)

Figure 4.33 TEM micrograph and SAED pattern of the siliconidigrpowder with

Si/C molar ratio = 0.07 syrdized via the carbothermal reduction and

nitridation for 8 h, after cadation process.
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(c)

Figure 4.34 TEM micrograph and SAED pattern of the silicorridé powder with

Si/C molar ratio = 0.07 syrdized via the carbothermal reduction and

nitridation for 10 h, afted@aation process.



CHAPTER YV

CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

In thiswork, preparation of silicalRF gel composite and the reaction to convert
the composite into porous silicon nitride were investigated. The conclusions of the

present research are the following:

1. Porous silicon nitride was successfully synthesized from silicalRF gel
composite via the carbothermal reduction and nitridation. All silicon nitride
products synthesized in this work are mainly in a-phase and have much higher
surface area than the conventiona silicon nitride granules, which indicates

significant increase in porosity.

2. APTMS is a suitable precursor of silica in the synthesis of silicon nitride
from the silicalRF composite. It has suitable structure to form crosslinked Si-
O-S network which can produce silicon nitride during the carbothermal
reduction and nitridation.

3. Molar ratio of silicon and carbon has influence on surface area of silicon
nitride product. Lower Si-to-C ratio gives silicon nitride powder which has
low surface area. Higher the Si/C ratio leads to the stronger pore structure and

high surface area.

4. Solvent exchange and aging of gel are an effective way to prevent the
collapse of pore structures. Removal water in pore of the gel with t-butanol
avoids shrinkage or crack of the network in the gel body. The strong pore
structure which is formed during long aging period of gel can withstand the
temperature of the synthesis.
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5.2 Recommendations for Future Work

Synthesis of porous silicon nitride from silicelRF gel composite via the
carbothermal reduction and nitridation process as well as effects of various factors,
such as type of silica precursor, the molar ratio of silicon and carbon, aging time,
solvent exchange of the obtained gel and reaction time, on yield of silicon nitride have
been investigated in this work. Some recommendations for future work are listed as

follows:

Q) Porosity of the obtained silicon nitride should be measured by mercury

absorption technique.

2 Formation of silicalRF gels in shaped articles should be further
investigated. Silicon nitride in such form can be tested on strength,

toughness and conductivity. It is also easy to use in many applications.
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APPENDIX A

CALCULATION OF MOLAR RATIO
OF SILICON AND CARBON IN RF GEL COMPOSITE

9 g of Resorcinol (CgH4 (OH),) 0.0106 g of N&,CO3
l + 110 (My, of CeHs (OH),) l + 106 (My, of NaCOy)
0.082 mol of CgH4 (OH), 0.0001 mol of NaxCO3
l 6 mol of C'= 1 mol of GeH, (OH)» l 1 mol of C=1mol of N&,COs
0.492 mol of Cin Resorcinol 0.0001 mol of Cin NaCO3
4.9249 g of Formaldehyde (HCHO) APTMS (H2N(CH2)3Si(OCH3)3)
l + 30,03 (M, of HCHO) l

6 mol of C=1 mol of APTMS
0.164 mol of HCHO

l 1 mol of C =1 mol of HCHO

0.164 mol of Cin HCHO

APTMS (H,N(CH,)3sSi (OCHs)3)

l

Mole of Si = Moleof APTMS
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Molar ratio of carbon and silicon =

Moleof SIinAPTMS
Moleof CinResorcinol + Moleof CinHCHO + Moleof CinNa,CO, + Moleof CinAPTMS

Moleof APTMS
0.492 + 0.164 + 0.0001+ 6( Moleof APTMYS)

Molar ratio of carbon and silicon =

For example, Molar ratio of carbon and silicon = 0.03

Moleof APTMS

From calculation, 0.03
0.492 + 0.164 + 0.0001+ 6( Moleof APTMYS)

Get, Mole of APTMS = 0.024

= 4.2984 gof APTMS



APPENDIX B

DATA OF PORE DIAMETER AND PORE VOLUME

Table B.1 Data of pore diameter and pore volume of calcsadple with molar

ratio of Si/C = 0.05, synthesiz&@th solvent exchange and no aging.

Pore Diameter (A) Pore Volume (cm3/g

N

730.5246759

0.017709103

454.2057471

0.076979252

309.3363368

0.108904575

236.4831626

0.121776221

150.3452867

0.123451022

92.33689923

0.151619497

51.75581891

0.282081581

31.89212644

0.457763573

19.52373432

0.161067956

Table B.2 Data of pore diameter and pore volume of calcsadple with molar

ratio of Si/C = 0.05, synthesizgth solvent exchange and aged for 1 day.

Pore Diameter (A) Pore Volume (cm3/g

N

736.4002045

0.030494918

452.5800288

0.098404066

305.5532602

0.115241196

236.2304413

0.139076584

149.6355734

0.103773981

86.94097688

0.142025834

51.09384972

0.300890504

31.66545068

0.501052096

18.41003190

0.141807296
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Table B.3 Data of pore diameter and pore volume of calcsadple with molar

ratio of Si/C = 0.05, synthesizgith solvent exchange and aged for 3 days.

Pore Diameter (A) Pore Volume (cm3/q)
746.4707951 0.007459517
467.5466233 0.050960069
315.6449947 0.068547619
240.3404764 0.080323804
152.2355867 0.093796511
92.74465255 0.152231703
49.92679533 0.564500284
31.37919738 0.897563590
19.30344892 0.314300235

Table B.4 Data of pore diameter and pore volume of calcsadple with molar

ratio of Si/C = 0.05, synthesizeith solvent exchange and aged for 5 days.

Pore Diameter (A) Pore Volume (cm?3/g

N

736.8325160 0.015929782
458.5152987 0.063656623
311.1054599 0.085400583

236.7232933

0.104144317

150.3261052

0.109304694

91.82105703

0.132191321

51.18063611

0.365249516

31.26938355

0.479866510

19.01167130

0.133219180
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Table B.5 Data of pore diameter and pore volume of calcsadple with molar

ratio of Si/C = 0.05, synthesizgith solvent exchange and aged for 7 days.

Pore Diameter (A) Pore Volume (cm3/g

N

704.4759749 0.013218245
433.9778379 0.038413888
298.0788614 0.059305099
234.0969676 0.096220772

150.3511411

0.101873655

91.23169779

0.183990712

49.93311625

0.618395072

30.51595158

0.661267659

18.28317282

0.164555530

Table B.6 Data of pore diameter and pore volume of calcsadple with molar

ratio of Si/C = 0.07, synthesizgith solvent exchange and no aging.

Pore Diameter (A) Pore Volume (cm?/q)
689.7639115 0.004958318
443.2900463 0.048633920
309.4913891 0.115122974
233.6613597 0.189135001
145.3361023 0.264860059
88.05171187 0.251781963
50.43344557 0.569611448
30.54319232 0.508101618
18.46193360 0.098900561
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Table B.7 Data of pore diameter and pore volume of calcirsade with molar

ratio of Si/C = 0.07, synthesizegith solvent exchange and aged for 1 day.

Pore Diameter (A)

Pore Volume (cm3/g

670.2122202 0.001342049
436.9630201 0.055071750
310.5909780 0.131494165
231.7027929 0.202164931
152.0882416 0.251731676
90.85409686 0.285123655
50.35256169 0.564830514
31.41233267 0.610668490

19.38074951

0.163575411

Table B.8 Data of pore diameter and pore volume of calcsadple with molar

N

ratio of Si/C = 0.07, synthesizath solvent exchange and aged for 3 days.

Pore Diameter (A)

Pore Volume (cm?3/g

758.741200

0.013437394

500.7694032

0.081864033

327.2350032

0.130554668

238.2809147

0.173109943

151.6570541

0.222002839

91.22116588

0.297362624

49.50124195 0.649082749
30.89826784 0.642865218
18.88695573 0.146044410

N
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Table B.9 Data of pore diameter and pore volume of calcsadple with molar

ratio of Si/C = 0.07, synthesizaith solvent exchange and aged for 5 days.

Pore Diameter (A)

Pore Volume (cm?3/g

728.8077055

0.007072656

447.9084607

0.051578629

307.5088677

0.100689284

235.4893543 0.155183994
153.1048103 0.202480835
91.38938765 0.245754152
49.81397075 0.551918412

31.77046995

0.701023230

19.63394266

0.239846302

Table B.10 Data of pore diameter and pore volume of calcsadple with molar

ratio of Si/C = 0.07, syntheslavith solvent exchange and aged for 7 days.

Pore Diameter (A)

Paore Volume (cm?3/g

711.1240400

0.052172854

443.8857376

0.152796312

301.6159798

0.161742370

233.8575924

0.178061442

148.8641438 0.098967332
84.83755821 0.082982313
47.66102872 0.188050143
29.24970035 0.348974959
17.17758795 0.034936342

N

N



APPENDIX C

CALIBRATION CURVESFOR

QUANTITATIVE ANALYSISBY GASCHROMATOGRAPHY

Volume of gas (ml)

1.2

1.0

0.8

0.6

0.4

0.2 1

y = 1.178E-07x
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Figure C.1 The calibration curve for hydrogen
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Figure C.2 The calibration curve for carbon monoxide
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Figure C.3 The calibration curve for nitrogen



APPENDIX D

PICTURES OF SILICA/RF COMPOSITES

Figure D.1 SilicalRF composite obtained after pyrolysis process.

Figure D.2 SilicalRF composite obtained after the carbothermal reduction
and nitridation.



APPENDIX E

SEM MICROGRAPHSOF SILICON NITRIDE POWDER

SYTHESIZED AFTER CALCINATION PROCESS
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Figure E.1 SEM micrograph of silicon nitride powder with Si/C molar ratio of 0.02
prepared without solvent exchange after calcination process.
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Figure E.2 SEM micrograph of silicon nitride powder with Si/C molar ratio of 0.07

prepared without solvent exchange after calcination process.
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Figure E.3 SEM micrograph of silicon nitride powder with Si/C molar ratio of 0.07
prepared without solvent exchange after calcination process.
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Figure E.4 SEM micrograph of silicon nitride powder with Si/C molar ratio of 0.07
prepared with solvent exchange after calcination process.
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ABSTRACT

Porous silicon nitride was synthesized by the atdmdrmal reduction and nitridation of
silica/carbon composite prepared by carbonizatiosilca/RF gel composite. Various techniques such
as X-ray diffraction (XRD), Fourier transform infeal spectroscopy (FTIR), Scanning electron
microscopy (SEM), Thermogravimetric analysis (TG#)d surface area determination via nitrogen
absorption (BET) were employed to characterizedbiined products. The obtained products contain
o-silicon nitride as the major crystalline phasegrifficant increase in surface area of the products,
comparing to that of the conventional silicon wi&igranules, was observed. The silicon-to-carbon
molar ratio in the composite and method to remogagewfrom the composite gel were the major factors
influencing the porosity of the final product.

INTRODUCTION

Porous ceramics have been attracting great intresarious applications, such as filtration in
severe environments and being light-weighted insulddowever, the main disadvantage of the porous
material is its low strength. It is therefore thHgextive of this work to synthesize porous struetirom
high-strength ceramic, namely silicon nitride.

Silicon nitride (SiN,) is a structural ceramic with good high-temperatproperty. It has been
used for various applications that require higlersgth at elevated temperature. Silicon nitride lsan
synthesized by many techniques but the obtainébsilnitride powder usually has low porosity and
low surface area. In this work, a novel techniqoesynthesize porous silicon nitride from the
carbothermal and nitridation of silica/RF gel comsip®is presented.

MATERIALSAND METHODS

The silica/RF composite was first synthesized dypolymerization of resorcinol-formaldehyde
(RF) aqueous solution with amino propyl trimethalyrse (APTMS). After aging at room temperature
for predetermined period, water was removed froemabmposite by solvent exchange withutanol.
The obtained product.was dried-at 110°C for 16 dh subjected to stepwise pyrolysis at 250°C for 2 h
and at 750°C for 4 h in nitrogen to get silica/@arbcomposite. The conversion from silica/carbon
composite to silicon nitride based on the carbatiareduction and nitridation process was conducted
at 1450°C for 6 h in nitrogen. Carbon residue i pinoduct was removed by subsequent calcination at
700°C for: 10 ~h. Various. techniques, i.e. X-ray wiéition (XRD), Fourier transform infrared
spectroscopy. (FTIR), scanning electron. microscopgNM), thermogravimetric analysis (TGA) and
surface area determination via nitrogen absorpfRfT), were employed to characterize the obtained
products.

RESULTSAND DISCUSSION

The XRD analysis confirmed that the product olsdimfter the nitridation was silicon nitride,
mainly in o-phase. No other crystalline phase was detectednlbe seen from Table 1 that all products
synthesized in this work have much higher surfaea éhan the conventional silicon nitride granules,
which indicated significant increase in porosityt 18w content of silicon, the surface area increase
when amount of silica precursor was increased. Sthiace area of the product reached maximum at
Si/C molar ratio in the silica/carbon compositedd¥5, at which the product was consisted of unifgrm
dispersed silicon nitride fine grains. Figure 1 whoSEM micrographs that clearly indicates the
uniformity of grains as well as fine pores in tl@mple. The molar ratio higher than 0.05 resulted in
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segregation of silica within the silica/carbon carsipe that yielded large silicon nitride grains and
decreased surface area.

The results in Table 1 also show that the metlogmove water from the silica/RF composite
greatly affected the pore structure of the finaldarct. The product that had been treated wihhtanol
in the solvent exchange process had higher sudegethan the product that was dried without salven
exchange. Since water has high surface tensiorguanof water from a pore by direct drying can @&us
the pore structure to collapse. On the other hamder removal by exchanging witkbutanol, before
subsequently drying, can prevent such effect bedaligtanol has lower surface tension.

Table 1. Surface area of Silicon nitride powdevaatous molar ratio of Si/C.

Si/lC Surface area (ffg)
molar ratio with solvent exchange without solvent exchange
0.01 69.57 60.95
0.02 74.64 62.00
0.03 263.88 161.21
0.05 267.80 239.21
0.07 99.14 78.73
Commercial

silicon nitride 1.2-13.0
" source: PRED Materials international, Inc.

SR

1aKY KSE.B02 lomm

Figure 1. Microstructure of silicon nitride prodweith Si/C molar ratio of 0.07

The thermogravimetric analysis of the final pradulsy heating the sample in oxygen revealed
no significant mass decrease, which confirmed tfmatarbon was remained in the product after the
calcination. Instead, slight mass increase wasrebdeat the analysis temperature higher than 700°C.
This is the result from surface oxidation of sihicoitride.

CONCLUSION

Porous silicon nitride powder can be synthesizadtive carbothermal reduction and nitridation
of silica/carbon compaosite. Pore structure of thalfproduct can be controlled from the structur¢he
silica/RF composite, which is the starting materidie silica-to-carbon ratio of the starting conifmos
influences size of the silicon nitride grains oh&ad, which consequently affects the porosity of the
product. Optimum Si/C molar ratio of 0.05 was foundresult in silicon nitride product with surface
area as high as 267.8G/m Removal of water from the composite via solvexthange with-butanol
was also found to be an effective way to preveatciilapse of porous structure.
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