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ABSTRACT OF THE DISSERTATION 

Tetrides and Pnictides for Fast-Ion Conductors, 

Phosphor-Hosts, Structural Materials and Improved Thermoelectrics 

 

by 

 

Sandra Marie Hick 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2013 

Professor Richard B. Kaner, Chair 

 

 New routes to solid states materials are needed for discovery and the realization 

of improved reactions.  By utilizing reactive approaches such as solid-state 

metathesis, pyrolysis, and nitride fluxes new routes to hard materials, phosphor hosts, 

and fast ion conductors were developed.  

The fast ion conductor lithium silicon nitride, Li2SiN2, was produced in a 

metathesis reaction between silicon chloride, SiCl4 and lithium nitride, Li3N, initiated 

in a conventional microwave oven.  The Li2SiN2 produced had a conductivity of 2.70 

x 10-3 S/cm at 500 °C. 

Colorless millimeter-sized crystals of Ca16Si17N34 were synthesized at high 

temperatures from a flux generated in situ from reaction intermediates.  The 
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compound was found to crystallize in the cubic space group F-43m (a = 14.8882 Å).  

The powder X-ray diffraction pattern of Ca16Si17N34 matches that of a phase identified 

as cubic CaSiN2 in the 1960s but never structurally characterized.  In contrast to the 

orthorhombic phase of CaSiN2, in which Ca2+ sits in octahedral sites, this cubic phase 

has Ca2+ in cubic sites that makes it an interesting host for new phosphors and gives 

rise to unique crystal field splitting. 

 A carbon-free silazane was formed by reacting metallic silicon in a melt of 

sodium amide; pyrolysis of this material offers a convenient route to Si3N4.  The use 

of oxides for solid-state metathesis reactions was investigated for the formation of 

ternary silicon nitrides for phosphor hosts.  Red, green, and blue phosphors were 

rapidly produced using rare earth oxides dopants.  Solid-state metathesis reactions 

were investigated for the production of nano-scale B4C and ZrC.  The addition of a 

refractory, hard material significantly improves the mechanical properties of existing 

thermoelectric materials. 
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Chapter 1: Introduction to Alternative 

Solid-State Synthesis 

“From a little spark may burst a mighty flame.” 
— Dante Alighieri, Paradiso, Canto 1, line 34 

 

 Dante could have easily been describing a solid-state reaction; in particular, 

self-propagating high-temperature synthesis (SHS) and solid-state metathesis (SSM) 

reactions.  SHS and SSM reactions are initiated by a small amount of energy (an 

electrical spark, heat from a torch, or even grinding of the reactants) and produce 

tremendous amounts of heat; sometimes, these reactions even produce flames in an 

oxygen-rich atmosphere.   

 

 

Figure 1–1. High-speed photo frames of the solid-state metathesis (SSM) reaction 
between MoCl5 and Na2S producing crystalline MoS2.  The time from the reaction’s 
self-initiation (time index = 0.04 s) to completion is 2 seconds. The reaction generates 
so much heat that after completion the products continue to glow red hot. 
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SHS and SSM are two methods for carrying out a solvent-free reaction 

between solids.  The methods of producing solid-state materials include the 

traditional “shake and bake,” the novel self-propagating high-temperature synthesis 

(SHS), and more exotic syntheses (such as with an arc-melter).  Other common 

synthetic techniques used to synthesize materials in the solid-state include ball-

milling, carbothermal reduction, flux growth, hydrothermal, intercalation, melt 

processing and vapor phase transport to name a few. 1  These methods can be used 

over a wide range of temperatures.  Many methods of solid-state synthesis require 

large amounts of energy and several days before the final product is in hand.2 

Solid-state (and solid-solid) reactions have been used to produce a variety of 

materials including: sulfides,3, 4 nitrides,5-11 carbides,12-14 borides,11, 15, 16 conducting 

polymers,17 binary and ternary compounds,9, 18, 19 alloys and solid solutions.20 

This dissertation presents the results of efforts to find new routes to hard 

materials, create superior reinforcement materials, a faster route to more robust solid-

state lighting, and a few serendipitous discoveries.  Much of the work in the following 

pages is a result of the search for a new route to silicon nitride and the realization that 

just because the desired product is not formed, does not mean that what was formed is 

useless and without merit. 

Rather than be driven by a single synthetic method (such as solid-state 

metathesis), the production of materials drives this dissertation.  The second chapter 

of this work explores a novel SSM initiation method (microwave) to react an 

industrial by-product, SiCl4, and lithium nitride to synthesize a fast ion conductor, 
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Li2SiN2.  In Chapter 3, the synthesis and characterization of a long debated structure 

of cubic-calcium silicon nitride is presented utilizing a more traditional approach, the 

prolonged heating of solids.  A new route to α-Si3N4 utilizing an amide melt 

combined with high-temperature annealing of the first reported inorganically derived 

polysilazane intermediate is detailed in Chapter 4.  In Chapter 5, solid-state 

metathesis reactions are used to explore the synthesis of light-emitting materials.  

Chapter 6 combines many of the initiation methods from the previous chapters to 

explore refractory carbides.  Along the way, many different reaction pathways were 

investigated to achieve the results above and some of them yielded unexpected 

results, these reactions and other future work are discussed in Chapter 7. 
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Chapter 2: Microwave Initiated Solid-State 

Metathesis Routes to Li2SiN2 

Summary 

The fast ion conductor lithium silicon nitride, Li2SiN2, is produced in a 

metathesis reaction between silicon chloride, SiCl4 and lithium nitride, Li3N, initiated 

in a conventional microwave oven.  Lithium amide, LiNH2 and ammonium chloride, 

NH4Cl, serve to control the temperature and enhance the yield of Li2SiN2.  A reaction 

mechanism is proposed based on the exothermicity of forming the by-product salt 

lithium chloride with silicon nitride, Si3N4, as a likely intermediate.  By varying the 

stoichiometry of the reactants the phase LiSi2N3 can also be produced.  The Li2SiN2 

product is characterized using powder X-ray diffraction, scanning electron 

microscopy and complex impedance spectroscopy.  A pressed pellet of Li2SiN2 has a 

conductivity of 2.70 x 10-3 S/cm at 500 °C. 

 

Introduction 

 
The synthesis and properties of lithium silicon nitrides have been studied for a 

number of years due to potential applications as fast ion conductors and sensors.1-5  

Anderson, A.J., R.G. Blair, S.M. Hick, and R.B. Kaner, Microwave Initiated Solid-
State Metathesis Routes to Li2SiN2. J. Mater. Chem., 2006. 16(14): p. 1318-1322. - 
Reproduced by permission of The Royal Society of Chemistry 
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Since lithium ions can move rapidly through an essentially static silicon nitride 

framework,2 these materials are potentially useful as solid-state electrolytes in lithium 

batteries.6 Additionally, lithium silicon nitrides are of interest as the active 

components in nitrogen sensors.7 

Most methods for preparing lithium silicon nitrides involve reacting Si3N4 with Li3N 

at elevated temperatures.8  This requires a significant input of energy and is limited to 

producing the most thermodynamically stable nitride under the reaction conditions 

employed. Additionally, silicon nitride is a relatively expensive starting material. A 

less costly route to lithium silicon nitrides could lead to their wider use. 

Double displacement reactions, also known as solid-state metathesis (SSM) 

reactions, have shown promise in the rapid synthesis of a wide range of crystalline 

refractory ceramics9-11 and other inorganic solids.12-15 These reactions are driven by 

the formation of stable salts that can be subsequently washed away leaving behind the 

desired product. By choosing appropriate precursors, it is possible to control 

crystallite size16 and form high quality solid-solutions and ceramic composites from 

these displacement reactions.17  

Although some metathesis reactions initiate spontaneously,16 most are ignited 

by heating e.g. by passing a current through a nichrome wire.  The use of microwave 

energy has proven to be another viable method for initiating solid-state reactions.18, 19 

Microwave initiated synthesis has even produced phases different (e.g. TiAl) from 

that formed by traditional SSM reactions initiated with a resistively heated wire.19  
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Here we examine the synthesis of Li2SiN2 via SSM.  By utilizing SiCl4 as a 

silicon source and Li3N as a nitrogen source, lithium silicon nitrides can be produced 

rapidly.  The use of SiCl4 as a precursor to Li2SiN2 is particularly attractive since 

SiCl4 is an industrial by-product created during the isolation of various metals from 

silicate minerals.20  The addition of LiNH2 and NH4Cl allows the formation of phase-

pure Li2SiN2.  While reactions initiated by a heated filament in a steel vessel under an 

inert atmosphere have shown some positive results, the use of microwave heating is 

demonstrated to be a novel method to drive these reactions to completion.  Product 

characterization includes powder X-ray diffraction, scanning electron microscopy and 

complex impedance measurements. 

Experimental 

Reagents 

The reagents SiCl4 (99.999% - Aldrich); Li3N (99.5% - Cerac); LiNH2 (95% - Alpha 

Aesar); NH4Cl (99.999% - Cerac); and SiI4 (99.9% - Cerac) were used as received.  

Lump Si (99.9999% - Cerac) was ground in an agate mortar and pestle and passed 

through a 170 mesh screen.  

 

Synthesis 

Li2SiN2 was prepared from SiCl4 by combining SiCl4, Li3N, LiNH2 and NH4Cl in a 

helium-filled glove box.  Approximately 0.6 ml of SiCl4 was used for each reaction.  
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In an agate mortar and pestle Li3N, LiNH2 and NH4Cl were ground in the desired ratio 

and transferred to a 20 ml borosilicate glass vial.  The SiCl4 was then added. 

In a comparable reaction, SiI4 was used as a silicon source by combining 

approximately 0.6 g SiI4 with enough Li3N, LiNH2 and NH4Cl to achieve the desired 

molar ratio. The reagents were ground in a helium-filled glove box and transferred to 

a 20 ml vial. 

Reactions were initiated using microwave energy in a 500 watt Panasonic 

household microwave oven (2.45 GHz) with an alumina disc as a reaction platform in 

place of the standard glass turntable. Caution! These reactions reach high 

temperatures rapidly.  Care should be taken in the choice of a reaction vessel and 

when increasing the reaction scale.  The reaction vessel can become extremely hot 

and may soften.  Microwave energy was applied to the reaction mixture at the 100% 

power setting.  Reactions initiated after approximately 1-3 minutes of applied energy.  

Energy input was stopped upon observation of reaction initiation.  Caution! 

Continued input of microwave energy can lead to severe discharges in the microwave 

cavity.  Further heating may also lead to an explosion due to excessive gas pressure 

produced by the reaction.  

Isolation of Li2SiN2 was achieved by washing the reaction product with water.  

Initially, 10 ml of distilled water was added to the reaction vial and sonication was 

applied for 10 minutes (50 watt, Fisher Scientific Sonicator).  The solid product was 

removed from the liquid by centrifugation.  Isolation was completed by rinsing twice 
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more with water, each rinse was followed by centrifugation.  The isolated product 

was dried under vacuum. 

 

Characterization 

The powder products of the SiX4 reactions (X = Cl, I) were analyzed using a 

powder X-ray diffractometer (Scintag XDS-2000) with CuKα radiation (λ = 1.5418 

Å). Product samples were scanned from 10 to 100° 2θ at 0.1 degree intervals with a 2 

second count time per interval. The patterns obtained were then analyzed and 

interpreted using Scintag based software and the Joint Committee on Powder 

Diffraction Standards (JC-PDS) database. 

Product particle sizes were observed using scanning electron microscopy 

(Cambridge Stereoscan 250 SEM). 

Crystallite size and lattice strain of Li2SiN2 produced from SiI4 and SiCl4 

precursors were determined using the method of integral line breadths.21  In 

accordance with this method, a plot of the area under each diffraction peak versus its 

d-spacing gives a linear relationship. The slope of this line contains information on 

the crystallite size while the y-intercept indicates the lattice strain. Size broadening 

was assumed to follow a Gaussian profile and strain broadening was modeled as a 

Cauchy profile. 

Electrical conductivity was determined using complex impedance 

spectroscopy.  The product of the SiCl4 reaction was pelletized under 5000 pounds of 

force.  These were taken at 500 °C in a frequency range of 0.1 Hz to 100 KHz.  The 



 

 12 

pellet was sputter coated with gold on both faces and silver epoxy was used to attach 

platinum wires for electrical contacts. The epoxy was cured for approximately 8 

hours at 150 °C.  The entire assembly was then placed in an oven and connected to a 

complex impedance spectroscopy system. The system consisted of a power booster 

interface (EG&G 263A), a frequency response detector (EG&G Model 1025), a 

potentiostat/galvanostat (EG&G Model 273A), and a bipolar operational power 

supply/amplifier (Kepco).  

 

Results and Discussion 

Several viable pathways to Li2SiN2 were found using microwave initiated 

reactions.  Figure 2-1 shows a typical SSM reaction progressing in the microwave 

chamber.  The image has been enhanced to aid in discerning the reaction zone.  

Arrows indicate the multiple reaction sites induced by the microwave energy.  

(Caution!  The reactions reach significant temperatures and prolonged microwave 

heating can result in melting of the borosilicate glass vial or catastrophic vessel 

failure.)  
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Figure 2–1.  A photograph taken through the door of a conventional microwave oven 
(2.45 GHz) showing the reaction:  3 SiCl4  + 4 Li3N + 1.5 LiNH2 + 6 NH4Cl in a 
capped vial after 1 minute at 100% power. The reaction image has been enhanced to 
emphasize the reaction zone and the outline of the glass vial has been added in white 
for clarity. Note that the input of microwave energy induces multiple reaction sites as 
indicated by the arrows. 

When either SiI4 or SiCl4 are reacted with Li3N and/or LiNH2 and/or NH4Cl, 

the same product, Li2SiN2, is produced (Figure 2-2).  However, the molar ratios of 

reagents required for each reaction are different.  Both SiCl4 or SiI4 reactions utilize 

the addition of NH4Cl and LiNH2 to assist in the formation of crystalline Li2SiN2.  

Ammonium chloride serves to lower the reaction temperature by absorbing energy 

through sublimation at 613 K and creates an ammonia atmosphere which helps with 

nitridation.13  However, reactions with less than 1.5 moles of LiNH2 result in the 

formation of the unwanted phase LiSi2N3.  The narrow diffraction peaks, in Figure 2-

2, for the Li2SiN2 product suggest good crystallinity.  The most crystalline Li2SiN2, 

        glass 
vial 

   

Reaction 
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cap 
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produced from SiCl4, utilizes a SiCl4, Li3N, LiNH2 and NH4Cl molar ratio of 3:4:1.5:6 

as indicated by the reaction given in Equation 2-1.  With SiI4,  

Li3N, LiNH2 and NH4Cl, a molar ratio of 3:4:1.5:2 gives the most crystalline product 

(Equation 2-2).  Reactions involving SiCl4 produce agglomerates in the size regime of 

5 µm (Figure 2-3). 

 
Figure 2–2.  Powder X-ray diffraction patterns of the washed Li2SiN2 product formed 
from the reactions (A) 3 SiI4 + 4 Li3N + 1.5 LiNH2  + 2 NH4Cl; and (B) 3 SiCl4  + 4 
Li3N + 1.5 LiNH2 + 6 NH4Cl. A simulated pattern (C) for Li2SiN2 is provided as a 
reference (JC-PDS 23-0365).  The large, broad peak near 15 degrees 2Θ is due to the 
specimen holder. 
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Figure 2–3.  Scanning electron micrograph at a magnification of 250X of washed 
Li2SiN2  powder formed from the reaction of 3 SiCl4  + 4 Li3N + 1.5 LiNH2 + 6 
NH4Cl. 

 

6 SiI 4 + 8 Li3N + 3 LiNH2 + 4 NH4Cl ⎯→  

6 Li2SiN2 + 13 LiI + 2 LiCl + 3 NH3 + 11 HI + 2 HCl  (2-1) 

 

6 SiCl 4 + 8 Li3N + 3 LiNH2 + 12 NH4Cl ⎯→  

6 Li2SiN2 + 15 LiCl + 11 NH3 + 21 HCl (2-2) 

 

Using the method of integral line breadths,21 it was found that Li2SiN2 

produced from SiI4 had a crystallite size of 680 Å; while the same material produced 
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from SiCl4 had a crystallite size of 890 Å.  The upper limit of the lattice strain (e) was 

determined to be 0.29% for Li2SiN2 produced from either halide.  

The driving force for solid-state metathesis reactions is the formation of a 

stable salt by-product.9  For the Li2SiN2 producing reactions, the formation of either 

LiCl (∆Hf = -408.8 kJ/mol) or LiI (∆Hf = –271.1 kJ/mol) provides the driving force.22  

The fact that less NH4Cl is required for a reaction producing Li2SiN2 from SiI4 is 

consistent with their heat of formation since producing LiI gives off 34% less energy 

than producing the same amount of LiCl.  The formation of Li2SiN2 is known to be 

favored at moderately high temperatures.8  However, if the reaction is allowed to get 

too hot, the product quality suffers.  While the temperature can be controlled by 

adding NH4Cl, when too much is added then the reaction does not reach the 

temperatures required for Li2SiN2 synthesis and little product is produced. 

The initiation of metathesis reactions has been shown to occur when a phase 

change takes place in one of the reactants.19  This concept is consistent with the 

longer microwave initiation times observed for SiI4 reactions (about 3 minutes) 

compared to the SiCl4 reactions (about 1.3 minutes) considering the boiling points for 

SiCl4 (b.p. = 57.6 °C) versus SiI4 (b.p. = 288 °C).22 

In order to probe the nature of these Li2SiN2 reactions, compressed pellets of 

elemental silicon and Li3N were heated by microwave energy.  These reactions 

produced both Li2SiN2 and LiSi2N3.  When a reaction was run with an Si:Li3N ratio of 

3:5, phase pure Li2SiN2 was produced.  A Si:Li3N ratio greater than 1:2 produced 

material that was mostly LiSi2N3.  This implies that the amount of Li3N present 
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strongly affects which lithium silicon nitride phase is synthesized.  Although it is 

interesting that lithium silicon nitrides can be made from pure silicon, the use of SiCl4 

as a precursor may be more attractive because it is an industrial by-product.20 

Additionally, since SiCl4 is a liquid at room temperature, it is much easier to purify 

than elemental silicon.  

When SiCl4 was heated by itself in a microwave, it decomposed to elemental 

silicon.  The traditional synthesis of Li2SiN2 involves the reaction of Si3N4 with Li3N.8  

This implies that Li2SiN2 is thermodynamically more stable than Si3N4 under the 

synthetic conditions used. In fact, high-temperature nitridation of silicon23 is used to 

produce Si3N4.  This suggests that SiX4 reactions may involve an elemental silicon 

intermediate and any Si3N4 produced in the reaction zone is converted to Li2SiN2 in 

the presence of Li3N.  The following reaction sequence is thus likely to occur under 

the application of microwave energy:  SiCl4 dissociates to Si and Cl2 (Equation 2-3).  

3 SiCl4    ⎯⎯→   3 Si  +  6 Cl2       (2-3) 

Li3N reacts with the free Cl2 formed to produce LiCl and N2 (Equation 2-4). 

4 Li3N  + 6 Cl2   ⎯⎯→   12  LiCl   + 2 N2      (2-4) 

The N2 product reacts with Si to form Si3N4 (Equation 2-5). 

2 N2   +  3 Si   ⎯⎯→   Si3N4      (2-5) 

The Si3N4 then very rapidly reacts with excess Li3N to form Li2SiN2 (Equation 2-6). 

Si3N4     +  2  Li3N   ⎯⎯→   3 Li2SiN2     (2-6) 

Because Li2SiN2 is of interest as a lithium fast-ion conductor, it is important to 

measure its conductivity.  A sample of Li2SiN2, produced from SiCl4, was compacted 
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to give a pellet with a density of 1.510 g/cm3.  Since the density of bulk Li2SiN2 is 

2.525 g/cm3, the test pellet was 59% of dense.24  In order to measure the ac 

conductivity of the material, complex impedance spectroscopy was utilized.  At 500 

˚C, a Nyquist plot of the impedance was generated (Figure 2-4).  By using this 

method it is possible to successfully separate the capacitance and resistance due to 

intergrain boundaries from that of the bulk material.25  A resistance of 131 ohms was 

found at minimum Zim.  The conductivity, σ, was calculated using the relationship 

given in Equation 2-7: 

σ  =  L/(R*A)        (2-7) 

where σ is the conductivity in S/cm, L is the thickness of the pellet in cm and R is the  

Figure 2–4.  A Nyquist plot of the impedance for a Li2SiN2 pellet. The measurement 
was performed at 500 ˚C in a frequency range from 0.1 Hz to 100 kHz.  The 
minimum impedance of 131 ohms corresponds to a conductivity of 2.7 x 10-3 S/cm. 
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resistance in ohms.  This gives a maximum conductivity of 2.70 x 10-3 S/cm at 500 

˚C.  This conductivity is comparable to a previously reported value of 4.1 x 10-3 S/cm 

at the same temperature on a 72% compacted sample.7  The slightly lower value 

observed here is likely due to the lower degree of compaction. 

Conclusions 

Solid-state metathesis reactions can provide an attractive alternative to the 

traditional synthesis of lithium silicon nitride fast-ion conductors since they utilize an 

industrial by-product (SiCl4) and can be initiated easily in a conventional microwave 

oven.  A metathesis reaction between SiCl4, SiI4, or silicon, with Li3N and LiNH2 

acting as nitrogen and lithium sources respectively, produces Li2SiN2 in seconds.  The 

product phase (Li2SiN2 versus LiSi2N3) can be controlled by the amount of LiNH2 or 

Li3N present in the reaction mixture; while the product yield and crystallinity can be 

controlled by the addition of NH4Cl.  The amount of lithium in the mixed nitride can 

be tuned by varying the amount of LiNH2 in a given reaction mixture. 
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Chapter 3: Synthesis and Crystal Structure 

of Cubic Ca16Si17N34 

Summary 

Since the late 1960s, the exact structure of cubic calcium silicon nitride has 

been a source of debate.  This chapter offers evidence that the cubic phase CaSiN2 

described in the literature is actually Ca16Si17N34.  Presented here is a method for 

synthesizing single crystals of cubic-calcium silicon nitride from calcium nitride and 

elemental silicon under flowing nitrogen at 1500 °C.  The colorless millimeter-sized 

crystals of Ca16Si17N34 with a refractive index (n25) = 1.620 were found to be cubic (a 

= 14.8882 Å) and belong to the space group F-43m.  The synthesis of bulk, powdered 

cubic-Ca16Si17N34  from calcium cyanamide and silicon is also discussed.  Ca16Si17N34  

is a relatively air-stable refractory ceramic.  In contrast to the orthorhombic phase of 

CaSiN2, in which Ca2+ sits in octahedral sites, this cubic phase has Ca2+ in cubic sites 

that makes it an interesting host for new phosphors and gives rise to unique crystal 

field splitting. 

Introduction 

 Nitrides and oxynitrides have attracted great interest due to their potential as 

host lattices for fluorescent species.1-3  The structure and crystal field splitting 

Reproduced with permission from Hick, S.M., M.I. Miller, R.B. Kaner, and R.G. 
Blair, Synthesis and Crystal Structure of Cubic Ca16Si17N34. Inorg. Chem., 2012. 
51(23): p. 12626-12629, Copyright 2012 American Chemical Society. 
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accessible in ternary silicon nitrides offers the promise of new colors from emitting 

species.4-8 Unfortunately, nitrides are notoriously difficult to crystallize.  A variety of 

methods 9 have been attempted to obtain single crystals of nitride materials.  These 

include flux growth 10, 11, vapor transport 12, 13, growth under pressure 14, and melt 

growth 15.  However, ternary silicon nitrides do not readily lend themselves to any of 

these methods since they are not soluble in most of the fluxes used for crystal growth, 

do not crystallize by vapor transport, and decompose before melting. 

Two different phases of calcium silicon nitride (CaSiN2) have been reported in 

the literature.  Early work indicated a cubic unit cell with an a parameter of 14.8642 

Å 16-18.  However, this structure has been disputed and it has been suggested that the 

cubic phase is, in fact, an oxynitride.  Work by Ottinger et al. produced an orange, 

orthorhombic phase (Pbca) with a = 5.129(3) Å, b = 10.224(1) Å, and c = 14.821(4) 

Å by heating Ca, CaSi2 and Ca3N2 in a sealed niobium tube at 1400 ˚C 19.  The same 

structure was later obtained by heating Ca, NaN3 and Si in a sealed tantalum tube at 

1000 ˚C 20. 

Until now, single crystals of the initially reported cubic phase have not yet 

been synthesized.  Previously, the cubic phase was synthesized by the reaction 

(Equation 3-1): 

Si3N4 + Ca3N2 → 3CaSiN2        (3-1) 

We have been able to obtain near-millimeter sized crystals of a calcium deficient 

nitride (Ca16Si17N34) using a reaction (Equation 3-2) analogous to that used to prepare 

a germanium anti-perovskite lattice with the formula Ca3GeN 21.  
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51Si + 16Ca3N2 + N2 → 3 Ca16Si17N34    (3-2) 

The structure of this compound exhibits similar characteristics to other nitridosilicates 

22. 

Experimental 

Reagents 

The following reagents were used as received: Ca3N2 (Cerac; 99%, 200 mesh) 

and CaCN2 (Alfa Aesar, technical grade).  Silicon powder was prepared from virgin 

polyfine Si (99.999% Alfa Aesar), by grinding under argon for 30 minutes in a SPEX 

mixer mill using a tungsten carbide vial and 3 0.5” tungsten carbide balls and then 

sieving to -270 mesh in an argon-filled glovebox.  The reagents were stored in an 

argon-filled glovebox. 

Single Crystal Synthesis 

Single crystals of Ca16Si17N34 were synthesized by preparing a reaction 

mixture consisting of Si and Ca3N2 in a molar ratio of 1:1.  The reagents were ground 

together in a synthetic sapphire mortar and pestle; the powder was transferred to a 12 

mm diameter die and pressed into a pellet under a load of 10,000 lbs while in the 

glovebox.  The pellet was placed in a hexagonal boron nitride (binderless grade AX05 

Saint-Gobain Ceramic Materials) boat or powdered graphite-lined graphite boat.  The 

boat was loaded into a 2” diameter alumina tube in a high temperature furnace 

utilizing silicon carbide heating elements.  Initial syntheses were performed by 

removing the boat from the glove box in a plastic bag and quickly transferring to the 
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furnace tube in air.  Later syntheses were loaded through a specially constructed 

glove box antechamber directly connected to the furnace tube.  Using this method the 

reactant mass was never in contact with air.  The system was sealed and a flow of 

high purity nitrogen (ultra-high purity nitrogen further purified using a Cr2+ column) 

gas was maintained. The system was heated to 1500 ˚C at a heating rate of 100 ˚C/h 

and held at temperature for two hours then cooled to room temperature at a rate of 

100 ˚C/h.  Upon removal from the furnace, the product was washed with distilled 

water and characterized.  

Powder Synthesis 

A slight excess of calcium cyanamide, CaCN2 (5 grams, 62 mmol), was mixed 

with silicon powder (1.578 g, 56 mmol).  The reagents were ground together in an 

artificial sapphire mortar and pestle; the powder was transferred to a 12 mm diameter 

die and pressed into a pellet under a load of 10,000 lbs while under inert atmosphere.  

The pellet was placed in a powdered graphite-lined graphite boat.  Initial syntheses 

were performed by removing the boat from the glove box in a plastic bag and quickly 

transferring to the furnace tube in air.  Later syntheses were loaded through a 

specially constructed glove box antechamber directly connected to the furnace tube.  

Using this method the reactant mass was never in contact with air.  The system was 

sealed and a flow of high purity nitrogen (ultra-high purity nitrogen further purified 

using a Cr2+ column) gas was maintained. The system was heated to 1500 ˚C at a 

heating rate of 100 ˚C/h and held at temperature for two hours then cooled to room 
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temperature at a rate of 100 ˚C/h.  Upon removal from the furnace, the product was 

washed with distilled water and characterized. 

Refractive Index 

The refractive index of the crystalline material was determined using an 

optical microscope and Cargille Refractive Index Liquids. 

Characterization 

A cubic crystal of approximately 0.2 mm in each dimension was obtained 

from the synthesis using Ca3N2 and mounted on a glass fiber for X-ray analysis.  

Single crystal X-ray intensity data were measured at 293 K on a Bruker SMART 

1000 CCD-based X-ray diffractometer equipped with a Mo-target X-ray tube (λ = 

0.71703 Å) operated at 2.25 kW.  The detector was placed at a distance of 4.986 cm 

from the crystal. 

The structure was refined using Bruker SHELXTL software (version 5.3) 

package23.  The final anisotropic, full-matrix, least-squares refinement on F2 

converged at R1 = 3.97%.  The final cell constants are listed in Table 3.2 together 

with other relevant crystallographic data.  

The powders were characterized by X-ray diffraction (XRD) using a PANalytical 

X’pert Pro powder X-ray diffractometer with a copper source (Cu Kα λ = 1.5418 Å).  

Spectra were collected from 5 to 100 degrees two theta using 0.03 degree intervals 

and a 1 second dwell time.  The patterns obtained were then analyzed and interpreted 
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using the PANalytical X’pert Highscore Plus software and the Joint Committee on 

Powder Diffraction Standards (JCPDS) database. 

Results 

Colorless, transparent crystals of Ca16Si17N34 (Figure 3-1) with a refractive 

index n25 of 1.620 were synthesized by the reaction of Si with Ca3N2 in a 1:1 ratio 

under flowing nitrogen in a graphite boat.  The product was rinsed with water to 

remove any water reactive by-products, such as Ca2Si, and dried for 1 hour at 180 ˚C.  

Upon washing, the distinct odor of acetylene was noted, indicating that some of the 

excess Ca3N2 reacted with the graphite boat.  Crystals were isolated by density using a 

mixture of CH2I2 (density = 3.3254 g/ml) and CHBr3 (density = 2.8859 g/ml) and/or 

physical separation.  Figure 3-2 illustrates the material separated by a 170 (90 µm 

opening) mesh screen.  
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Figure 3–1.  Optical microscope images of the transparent Ca16Si17N34 crystals 
produced in this study.  The left image is under 50x magnification and the right is 
under 500x. 

 

Figure 3–2.  Scanning electron microscope images of Ca16Si17N34 separated from the 
reaction mass using a 170-mesh screen.  This nitride exhibits cubic crystals often in 
the form of cuboctahedra (right). 

The role of the boat material, oxygen level, and calcium source were examined by 

using an inert boat (binderless boron nitride), adding oxygen in the form of CaO, and 

substituting CaCN2 for Ca3N2 (Table 3-1).  In most reactions, the Ca16Si17N34 phase 

formed.  The reaction 17CaCN2 + 17Si + CaO produced a crystalline material that 

could not be matched to a known compound in the JCPDS file.  
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Table 3–1.  Ca16Si17N34, forming reactions.  The reaction marked with a (*) produced 
the most crystalline product. 

Reaction Boat Material Phases Present 

Si + Ca3N2 boron nitride 
Ca16Si17N34 + o-
CaSiN2 

*Si + Ca3N2 graphite Ca16Si17N34 
CaCN2 + Si graphite Ca16Si17N34 

6 CaCN2 +12 Si + Ca3N2 graphite 
Ca16Si17N34 + 
Ca3N2Si2O4 

17 CaCN2 + 17 Si +CaO graphite Unknown phase 
102 CaCN2 + 204 Si +17 Ca3N2 + 6 CaO graphite Ca16Si17N34 and CaO 
17 Si +17 Ca3N2 + CaO graphite Ca16Si17N34 and CaO 

 
The product generally consists of crystals that exhibit octahedral and 

cuboctahedral morphologies (Figures 3-1 and 3-2).  Single crystals large enough for 

X-ray analysis were produced by this method.  The unit cell was determined to be 

cubic (a = 14.8882 Å) with the space group F-43m (216).  The atomic positions are 

summarized in Table 3-3.  Figure 3-3 shows the difference in connectivity between 

the cubic phase and orthorhombic CaSiN2. 

Table 3–2.  Crystal data and structural refinement parameters for cubic Ca16Si17N34. 

empirical formula Ca16Si17N34 
radiation MoKα, λ = 0.71073 Å  
instrument Bruker SMART 1000 
temperature  293(2) K 
space group F-43m (216) 
fw  93.79 
a/Å 14.8882(3) 
V/Å3 3300.10(12) 
Z 48 
ρcalc (Mg m-3) 3.211 g cm-3 
crystal size 0.20 x 0.20 x 0.18 mm 
independent reflections 453 [R(int) = 0.0224] 
R1 0.0397 
wR2 0.1078 
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Table 3–3.  Atomic coordinates and equivalent isotropic displacement parameters 
(x103) for cubic Ca16Si17N34.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 

 site x y z U(eq) 
Ca(1) 24f ½ 0.7920(1) 0 9(1) 
Ca(2) 24g 0.5009(2) ¾ ¾ 10(1) 
Ca(3) 16e 0.5799(2) 0.4201(2) 0.9201(2) 39(1) 
Si(1) 4b ½ 0 0 5(1) 
Si(2) 16e 0.3657(1) 0.8657(1) 0.8657(1) 6(1) 
Si(3) 16e 0.3194(2) 0.8194(2) 0.6806(2) 19(1) 
Si(4) 16e 0.6372(1) 0.6372(1) 0.8628(1) 8(1) 
Si(5) 16e 0.6769(1) 0.6769(1) 0.6769(1) 9(1) 
N(1) 16e 0.4319(3) 0.9319(3) 0.9319(3) 6(2) 
N(2) 48h 0.3861(3) 0.8861(3) 0.7532(4) 9(1) 
N(3) 4c ¼ ¾ ¾ 4(4) 
N(4) 4d ¾ ¾ ¾ 10(5) 
N(5) 48h 0.6146(3) 0.6146(3) 0.7521(4) 9(1) 
N(6) 16e 0.5733(4) 0.5733(4) 0.9267(4) 10(2) 

 

 

Figure 3–3.  The unit cell for cubic Ca16Si17N34 (left) consists of clusters of SiN4 units 
(gray tetrahedra), while that of orthorhombic CaSiN2 (right) consists of SiN4 units in 
rings.  The calcium atoms have been removed to highlight the connectivity of the 
SiN4 units. 
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Discussion 

The structure of the Ca16Si17N34 unit cell is better understood by viewing it without the 

calcium atoms (Figure 3-3 left).  The unit cell consists of 8 clusters of SiN4 tetrahedra 

arranged around a central SiN4 tetrahedron.  Each cluster, in turn, consists of 8 SiN4 

tetrahedra.  There are three distinct Ca sites (Figure 3-4). Ca1 and Ca3 are distorted 

octahedral sites, while Ca2 is an elongated cubic site.  This structure has been 

observed previously in other calcium nitridosilicates 22. Le Toquin and Cheetham’s 

cerium substituted structure4 gave a red luminescence which would be consistent with 

a spectral shift associated with cerium in a cubic site24.  The open framework of SiN4 

tetrahedra may also help to explain the unusually low thermal conductivity measured 

for the cubic phase (2.4 Wm-1K-1 versus 17 Wm-1K-1 for MgSiN2) 16 as well as the low 

refractive index for a nitride (n25=1.620).  This structure is markedly different from 

orthorhombic CaSiN2 (Figure 3-3 right) that has a structure analogous to other 

alkaline earth silicon nitrides like MgSiN2.  Previous attempts to synthesize CaSiN2 

have produced the orthorhombic phase.  These syntheses were carried out at 1400 ˚C 

19 and 1000 ˚C 20.  
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Figure 3–4.  The Ca1 and Ca3 positions are 6-coordinate with the Ca1 position in a 
severely distorted octahedron.  The Ca2 position is 8-coordinate in an elongated cubic 
site. 

The simulated powder pattern matches the experimental data well (Figure 3-5) 

and matches the previously deleted JC-PDS pattern for CaSiN2 (40-1151).   

 

Figure 3–5.  The powder X-ray diffraction pattern simulated from the structural data 
(top) matches the measured pattern (bottom) and the deleted JC-PDS file 40-1151 
(middle). 

This pattern was replaced by CaSi(O,N)2 (45-1215) and illustrates a particular 

problem when dealing with ternary nitrides – determination of the oxygen content.  
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Every effort was made in this work to ensure low levels of oxygen contamination.  

However, commercially obtainable Ca3N2 can contain oxide impurities 21.  If site 

occupancies of 100% are assumed, then the unit cell, which has 268 atoms, will have 

a charge imbalance of -8.  This could be remedied by 1.9 at% nitrogen vacancies or 

random substitution of 8 of the 136 nitrogens with oxygen, which would represent an 

oxygen level in the lattice of 2 mass%.  These values are difficult to determine with 

the current methods available, especially in the highly symmetric space group F-43m.  

The Si-N bond lengths range from 1.653 Å to 1.885 Å.  Oxygen substitution should 

result in reduced bond lengths suggesting that oxygen replacement is most likely on 

the N6 site.  Substitution of half the N6 sites with oxygen would produce a charge-

balanced lattice.  This would also explain the high U(eq) for Ca3, which sits in a 

distorted octahedral site with vertices occupied by N3 and N6 nitrogens.  The Ca1 

and Ca2 sites do not directly interact with the N6 site.  Alternatively, 12.5 at% 3+ ion 

substitution (such as in Le Toquin and Cheetham’s Ce3+-doped nitride)4 for Ca would 

also provide unit cell neutrality. 

Previous efforts to prepare CaSiN2 have used oxide precursors18, nitride 

precursors16, 17, or silicides19.  Although Gal, et al. utilized silicon, their syntheses 

were performed at a much lower temperature (1000 ˚C).   We have been able to 

obtain single crystals of the cubic ternary nitride, Ca16Si17N34, by heating a mixture of 

Ca3N2 and Si to 1500˚C for a relatively short period of time (2 hours).  A ratio of 1.0 

to 1.0 was found to produce the largest crystals.  This may be due to the fact that 
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some of the Ca3N2 evaporates from the reaction zone and that molten Ca3N2 acts as a 

flux. 

The reactions summarized in Table 3-1 show that the nitride phase forms with 

or without carbon, and from calcium cyanamide as well.  More crystalline products 

were formed from reactions utilizing Ca3N2, suggesting that the nitride acts as a flux.  

Calcium nitride melts at 1195 ˚C and silicon melts at 1410 ˚C.  At 1500 ˚C, calcium 

nitride is molten and evaporation is a major concern.16  Performing the reaction in a 

nitrogen atmosphere and using an excess of Ca3N2 reduces the impact of Ca3N2 

evaporation.  Some of the calcium present reacted with the graphite in the boat to 

produce CaC2; this was confirmed by the production of acetylene upon washing the 

reaction product with water.  The reaction of CaC2 with nitrogen forms calcium 

cyanamide, CaCN2.  Calcium cyanamide has a melting point of 1340 ˚C.  A calcium 

nitride/calcium cyanamide mixture may be the flux in which the CaSiN2 crystals 

actually grow.  In fact, Ca16Si17N34 powders can be realized by heating a mixture of 

CaCN2 and Si in stoichiometric quantities (Figure 3-6). 



 

 37 

 
Figure 3–6.  The powder X-ray diffractogram of the product produced from the 
reaction 16CaCN2 + 17Si + N2→ Ca16Si17N34 + 16C shows that the sample contains 
silicon (*) and graphite (o) impurities with the remaining peaks matching the pattern 
expected for Ca16Si17N34.   

 
These nitrides are not indefinitely stable in air.  Samples kept in air for longer than 3 

months lose much of their crystallinity. 

Conclusions 

Single crystals of cubic Ca16Si17N34 were readily grown from a mixture of 

Ca3N2 and Si heated in a furnace to 1500 ˚C.  The lattice consists of an open 

framework of SiN4 tetrahedra with Ca ions in the voids; the structure has some 

uncertainty due to potential oxygen substitutions.  Powders of cubic Ca16Si17N34 were 

synthesized from calcium cyanamide and silicon.  The compound’s most highly 
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oxidized formula may actually be Ca16Si17N32O2, but current methods cannot readily 

determine this subtle compositional discrepancy.  One of the calcium sites in this 

nitride is cubic.  Partial substitution with other metals could produce interesting new 

phosphors. 
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Chapter 4:  Synthesis of Si3N4 via a 

Polysilazane Intermediate 

 

Introduction 

Silicon nitride is an important high-temperature, refractory ceramic that is 

prized for its corrosion resistance and low relative density.  It is widely used in 

bearings, cutting tools, molten metal sheaths, gas nozzles and welding apparatus.  

Some applications, such as bearings, require a balance of α and β silicon nitride in 

order to take advantage of the hardness of one phase (α) and the toughness of another 

(β).1  Despite its high cost, Si3N4 is often used because it exhibits better thermal shock 

resistance than other, more easily synthesized ceramics. 

Silicon nitride was first synthesized in the late 1850s2.  In 1879, the reaction 

product was analyzed to show three silicons for every 4 nitrogens.3  Around the turn 

of the 20th century, numerous patents for synthetic routes to silicon nitride were 

granted.4  By the 1950s, it began being used as a refractory material in various 

applications including a sheath for high-temperature thermocouples and gas-turbine 

engines.  Naturally occurring α-silicon nitride, nierite, was found in particles of 

meteoritic rock.5  The uses of silicon nitride have continued to develop and include 

amorphous films, some of which can be formulated through mechanical means such 
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as ball-milling,6 used in the electronics field as passivation layers and insulators.  

Recently, Si3N4 has been investigated for use in medical devices, specifically 

replacement joints and spinal implants.7-9 

While a number of factors have been responsible for the difficulty fabricating 

a turbine or gas engine entirely out of silicon nitride,10 one of the obstacles has been 

the cost of silicon nitride powder.  At $400-3000 per kilogram, applications have 

quite often been limited to applications where financial considerations are outweighed 

by technical considerations.  As the uses for silicon nitride and production volumes 

increase, the price should decrease.  

A number of synthetic routes to silicon nitride have been developed over the 

years.  One of the earliest approaches, the carbothermal process11 is still being used 

with a few modifications.  In this synthesis, carbon is reacted with silicon dioxide and 

a nitrogen source, such as ammonia, at 1400-1500 °C.  Unfortunately, this reaction 

tends to also produce SiC if there is any free silicon present in the reaction mixture, 

so it is imperative to avoid this if pure silicon nitride is desired.12  The process 

produces mostly α-silicon nitride (~95%) and involves an amorphous Si-O-C 

intermediate; for any β-silicon nitride formed, an Si-O-N intermediate is involved.13  

In general, this process tends to produce a product with significant carbon 

contamination. 

Another method for silicon nitride production is the direct nitridation of 

silicon.  This reaction is very exothermic and occurs between 1300-1400 °C.  This 

method requires nitriding times of 20 to 100 hours and requires a porous silicon 



 

 44 

substrate which, unfortunately, degrades the strength of the material produced.14  One 

reason for the long reaction times is the fact that silicon tends to form protective 

nitride layers.  The process often requires the use of iron or halide catalysts.15 

A third method of synthesizing silicon nitride is the diimide process, so named 

because an intermediate diimide is formed which is then annealed to produce silicon 

nitride according to Equations 4-1 and 4-2. 

 
 

     (4-1) 

 

  (4-2) 

This method results in an agglomerated powder product that must be milled and has 

chloride contamination.   

Another method for silicon nitride production is a vapor phase reaction 

between silicon tetrachloride and ammonia at elevated temperatures (Equation 4-3 

below).  The use of silicon tetrachloride as a source of silicon in many of these 

processes is due in part to its availability as a by-product of several industrial refining 

processes, in particular the extraction of Ti and Zr from their ores.15 

      (4-3) 

As with the other methods that use a halide precursor, chloride retention is a problem. 

Additionally, the product must be milled to reduce agglomeration.  Any time a 

milling step is required it introduces the likelihood of adding additional contaminants, 

from the grinding media, to the product. 

3 SiCl4 + 4 NH3                         Si3N4 + 12 HCl
1400 ˚C

3 Si(NH)2                                 Si3N4 + N2 + 3 H2

1400 - 1500 ˚C

SiCl4 + 6 NH3                         Si(NH)2 + 4 NH4Cl
0 ̊ C
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 Several other production methods have been devised. A reaction involving 

sulfur has been shown to produce silicon nitride (see Equation 4-4).15 

     (4-4) 

This reaction requires the use of extremely pure silicon sulfide; commercially 

available grades may not be acceptably pure and the laboratory synthesis is quite 

challenging.15  A low-temperature process involving magnesium silicide is also 

possible but involves the use of an autoclave and relatively high pressures (30-40 

MPa).16  Equation 4-5 illustrates this reaction that produces predominantly α-silicon 

nitride. 

       (4-5) 

A method for producing β-silicon nitride has also been developed (see 

Equation 4-6).17 

 (4-6) 

Additionally, the decomposition of magnesium silicon nitride at elevated 

temperatures can produce β-silicon nitride (see Equations 4-7 and 4-8).17 

   (4-7) 

 (4-8) 

 While there are numerous methods of preparing silicon nitride, the processes 

are time, temperature and/or pressure intensive.  This leads, in part, to the relatively 

high cost of pure grade silicon nitride.   

After the powder is produced, there is the still the question of how to fabricate 

the finished product.  The direct nitridation of silicon allows for compacting the 

3 MgSi2 + 12 NH4Cl                         !-Si3N4 + 6 MgCl2 + 8 NH3 + 12 H2

3 SiS2 + 4 NH3                         Si3N4 + 6 H2S
900 ˚C

3 SiO2 + 4 NH3                               !-Si3N4 + 6 H2O
1300-1500 ˚C

3 SiO2 + Mg3N2 + 4 NH3                        3 MgSiN2 + 6 H2O

>1400 ̊ C
3 MgSiN2                          !-Si3N4 + Mg3N2
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silicon substrate into the shape of the final product and then nitriding it.  However, as 

mentioned earlier, this is not without drawbacks such as porous product whose 

hardness has been compromised.14   

There have been attempts at modifying the silicon nitride powders to aid in 

fabrication of the final product.  A process involving spark plasma sintering of silicon 

nitride with titanium nitride has resulted in a composite of relatively low resistivity 

(1x10-4 ohm-cm) which can be machined using Electrical Discharge Machining 

(EDM).18   Another method that converts brittle silicon nitride into a ductile 

superplastic form by heating it to temperatures above 1600 °C and using strain rates 

<10-5/sec.  This helps significantly with net shape fabrication.19   

For the most part, however, the fabrication of silicon nitride powder into its 

final shape involves mixing α-silicon nitride with a sintering aid and annealing the 

composite to form a new β-silicon nitride composite.  Typical sintering aids are 

oxides, such as Y2O3 or Nd2O3, that react with oxides on the surface of the powder 

and also a slightly with the underlying silicon nitride to form an oxynitride liquid 

phase.  After cooling, a glassy or crystalline phase is formed at the grain boundaries.20  

Ostwald ripening is used to control these intergranular phases in order to form tough, 

interlocking microstructures.21 

 Some processes are designed to produce silicon nitride in a form that lends it 

to its ultimate use.  Formation of α-silicon nitride whiskers has been accomplished by 

a reaction involving silicon nitride, silicon and sodium azide; this morphology is used 

to reinforce metals.22  Additionally, silicon nitride rods have been prepared using 
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carbon nanotubes as templates.23  Another process synthesizes pure β-silicon nitride 

rods without a template by reacting silicon tetrachloride, sodium amide and 

ammonium chloride.24 

 While there are many methods of producing silicon nitride and forming the 

final products, there still remains the issue of producing a silicon nitride in a manner 

that will significantly reduce its cost.  Presented here is a method has the potential of 

producing high quality silicon nitride at an affordable price by utilizing an amide as 

the nitrogen source. 

Experimental 

Chemicals 

 The reagents sodium amide (Alfa-Aesar, 96%), silicon (Alfa-Aesar, 325 

mesh, 99.5%), potassium (Aldrich, 95.5%), and ammonia (Matheson Gas Products) 

were used as received. 

Method 

Elemental silicon was reacted with molten sodium amide by using a 1:5 mass 

ratio of Si to NaNH2.  Silicon and NaNH2 were loaded into an iron crucible in a He-

filled glove box (see Figure 4-1).  The crucible was heated to 320 °C to melt the 

NaNH2.  The crucible was held at temperature until the melt solidified, typically 1 

hour.  (A similar reaction was run using KNH2 in lieu of NaNH2).  A portion of the 

product was washed with liquid ammonia to remove sodium (or potassium) metal that 
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was a reaction by-product (see Figure 4-2).  This washed product was heated to 

400 °C for 1 to 2 hours in an iron crucible.  

The materials were converted to Si3N4 by compressing 0.1 to 0.3 grams of 

precursor in a ¼” die using a press in a helium-filled glove box.  These pellets were 

placed in a graphite boat that was put inside a 1” diameter alumina tube.  Titanium 

powder was placed around the boat to act as an oxygen scavenger.  The ends of the 

tube were covered in Parafilm and the whole assembly was then removed from the 

glove box.   

The alumina tube was transferred to a glove bag attached to the end of a 2” 

alumina tube that was continuously purged with ultra-dry, ultra-pure helium.  This 

helium was prepared by passing helium gas through a Cr2+ scavenger column, a 

molecular sieve condenser in liquid nitrogen, and finally a Mn2+ scavenger column  
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Figure 4–1.  The furnace used to melt the NaNH2 and subsequently react it with 
silicon.  The assembly is in a glove box under an inert atmosphere of helium. 

(see Figure 4-3).25  In the glove bag, the Parafilm was removed from the ends of the 

tube and the alumina tube was inserted into the center of a high temperature furnace.  

The ends were closed and ultra-dry, ultra-pure helium was passed over the sample at 

a rate of 1 liter/hr.  Figure 4-3 illustrates the furnace set-up.  The system was heated 

to 1500 °C at a heating rate of 100 °C/hr and held at temperature for 2 hours.  The 

system was then cooled to room temperature at 100 °C/hr. 
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Figure 4–2.  The assembly used to wash the product from the reaction of silicon with 
NaNH2. The blue color in the liquid ammonia is due to solvated electrons. 

Figure 4–3.  The furnace assembly for the annealing of the intermediate product from 
the reaction of silicon with NaNH2 under a stream of ultrapure helium.  Any traces of 
water are removed from the helium stream by flowing the gas through the Cr2+ 
scavenging column, a cryo-trap filled with 4 Å molecular sieves, and finally a Mn2+ 
scavenging column.  The sample is held in a graphite boat loaded into an alumina 
tube while under helium. This tube is transferred to the furnace via a glove bag placed 
around the outlet. 
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Characterization 

 The products of the reactions were characterized by powder X-ray diffraction 

(XRD), Fourier Transform Infrared Analysis (FTIR), and Solid State Nuclear 

Magnetic Resonance (SS NMR) Spectroscopy.  

 The powder X-ray diffraction was collected using a Panalytical X'Pert Pro X-

ray Powder Diffractometer with a copper source (Cu K∝ λ = 1.5418).  Spectra were 

collected from 0 to 100 degrees two theta using 0.01 degree steps and 1 s dwell time. 

 The infrared spectrum was collected using a Nicolet Nexus 470 FTIR.  A 

pellet was formed by mixing a sample of the intermediate with KBr powder (stored in 

a 100 °C oven).  

 Solid State NMR spectra were collected on a Bruker DSX300 broad band FT 

NMR Spectrometer for Solid-State samples with magic angle spinning.  

Results 

 Figure 4-4 shows the results of the XRD pattern for the final product of the 

reaction between silicon and NaNH2 after ammonia treatment and subsequent 

annealing under ultra-pure helium at 1500 °C.  The product is primarily α -silicon 

nitride.   

Figure 4-5 is an FTIR spectrum of the intermediate from the reaction between 

silicon and NaNH2.  FTIR (KBr; cm-1): 3183 cm-1 absorption peak corresponding to 

N-H stretching, a peak at 1935 cm-1 from the Si-H stretch, and 923 cm-1 peak arising 

from the Si-N stretch.   
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Figure 4–4.  The bottom XRD pattern is the result of a reaction between Si and 
NaNH2 and subsequent washing in liquid NH3 followed by annealing under dry He 
atmosphere at 1500 ˚C. The top XRD pattern is a simulated pattern for alpha Si3N4 
(JCPDS 41-0360). 

The results of the solid state MAS NMR for the reaction between silicon and 

KNH2 can be seen in Figure 4-6.  Figure 4-6 shows the NMR pattern for 29Si with and 

without 1H coupling.  
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Figure 4–5.  The FTIR spectrum for the intermediate formed by the reaction of 
silicon with NaNH2. The Si-H stretching band along with the Si-N and N-H stretches 
provide evidence for a possible polysilazane polymer intermediate. 
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Figure 4–6.  Solid-state MAS-NMR spectra of the intermediate formed by the 
reaction between Si and KNH2. The coupled spectrum for 29Si is dashed and the 
decoupled spectrum is solid. In the uncoupled spectrum, the asymmetric peak at ~ -43 
ppm is evidence of more than one type of Si environment. The peak at ~ -79 ppm is 
due to elemental Si that was an impurity in the product. The coupled spectrum, shows 
interaction between 29Si and 1H. The predominant asymmetric peak indicates the 
presence of more than one type of Si environment. The elemental Si peak is not 
present since there would be no 1H interaction. 

 

Discussion 

 The purpose of this experiment was to develop a process for synthesizing 

α-silicon nitride in a manner that would result in an affordable product.  Although 

there have been numerous methods developed over the past century to produce silicon 

nitride, each has its own drawbacks.  They either involve expensive starting 

materials,14, 15 relatively high pressures,16 long reaction times,14 products that have 
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significant contamination requiring purification,11-13, 15 or an agglomerated product 

that needs extensive grinding and may introduce additional contaminants.15  

 When considering the expense of a process, the most obvious factor is the cost 

of the starting materials.  In this experiment, the reactants silicon and NaNH2 are 

readily available and relatively inexpensive.  KNH2 is easily synthesized from 

potassium metal and liquid ammonia.26   

The reaction was run at 320 °C for approximately 1 hour.  The temperature 

and time both compare quite favorably with existing synthetic methods.  While 

utilizing a dry, inert atmosphere is somewhat inconvenient; it does not pose a 

significant cost factor for most industrial concerns.  The intermediate does require 

washing in liquid ammonia, but again this should not be a major expense for 

commercial companies.  Following the washing process, the intermediate was 

annealed; excluding the ramp-up and ramp-down times, the actual annealing soak 

took place over a period of 2 hours at a temperature of 1500 °C.  It may even be 

possible to anneal the intermediate at lower temperatures since the exact annealing 

temperature required for the conversion to α-silicon nitride has not been determined.  

Since no halides were used and the reactions takes place in an inert 

environment, the issue of chloride retention or oxide contamination has been virtually 

eliminated or at least minimized.  While the process is by no means a final solution to 

the problem of prohibitively priced silicon nitride, it is certainly a step in the right 

direction. 
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 Cost considerations aside, the XRD pattern for the silicon and NaNH2 reaction 

shows a relatively pure α -silicon nitride was produced.  Depending on whether the 

intermediate was washed in liquid ammonia (to remove remaining alkali metal) and 

the temperatures for the subsequent heating, combinations of α and β-silicon nitride 

or only β-silicon nitride are possible.  

Silicon nitride exists in four different phases, i.e. α (P31c, a = 0.775 nm, c = 

0.562 nm), β (P63/m, a = 0.760 nm, c = 0.291 nm), γ (Fd3m, a = 0.780 nm) and a 

new hexagonal phase (P62c, a = 0.737 nm, c = 0.536 nm).27  It is the  α and β forms 

that are generally discussed, however, when considering engineering fabrication 

materials.  They are both hexagonal systems but β silicon nitride has a higher aspect 

ratio than α silicon nitride and, therefore, is more needle-like.  The symmetry that 

these structures exhibit is a common thread that ties silicon nitride to other ultra-hard 

materials such as diamond and cubic boron nitride.28 

 The nature of the intermediate is interesting.  It was first assumed that the 

structure was a diimide, i.e. Si(NH)2.  However, the FTIR spectrum showed evidence 

of a Si-H bond, which would not be present in a diimide structure.  The SS NMR 

spectra indicated the presence of silicon atoms with different proton environments.  

These results are all consistent with a probable polysilazane structure for the 

intermediate with the formula (SiH2NH)n.  It would account for the Si-H, Si-N, and 

N-H bonds that were indicated by the FTIR spectrum and also the multiple Si proton 

environments inferred from the SS NMR spectra. 
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 There is considerable work discussing polysilazanes as precursors to silicon 

nitride but most of these follow a primarily organic synthetic route.  For example, a 

reaction between dichlorosilane, methyldichlorosilane, and ammonia produced a 

polysilazane precursor for silicon nitride formation (see Equation 4-9).29 

  (4-9) 

The product was then annealed at 1400 °C and gave a composite of Si3N4/SiC. 

 An insight into possible multiple intermediates is given by Mazdiyasni and 

Cooke for the formation and subsequent polymerization of [Si(NH)2]n according to 

Equations 4-10 through 4-15).30 

  (4-10) 

 

 

(4-11) 

 

  (4-12) 

 

 (4-13) 

 

  

(4-14) 

 

3 H2SiCl2 + H3CSiHCl2                     [(SiH2-NH)3(H3CSiH-NH)]n
NH3

SiCl4 + 6 NH3                         Si(NH)2 + 4 NH4Cl
n-hexane

0 ̊ C

6 [Si(NH)2]n                        2 [Si3(NH)3N2]n

400 ̊ C

-NH3

n Si(NH)2                         [Si(NH)2]n

360 ˚C

NH4Cl
 in vacuo

2 [Si3(NH)3N2]n                       3 [Si2(NH)N2]n

650 ˚C

-NH3

3 [Si2(NH)N2]n                           2 Si3N4 (amorphous)
1200 ˚C

-NH3



 

 58 

    (4-15) 

 

 

 The amide route to α-silicon nitride presented in this chapter is quite unique in 

creating a polysilazane intermediate that does not involve organics.  The intermediate 

itself, although air and moisture sensitive, could conceivably be stored in an air-free 

atmosphere until needed as a source of silicon nitride. 

 

Conclusions 

 A cost effective method for synthesizing α-silicon nitride has been developed 

that utilizes a polysilazane intermediate.  This is most interesting since this is the first 

polysilazane synthesis to be reported without use of an organic precursor.  Further 

research is needed to determine optimum annealing times and possible multiple 

intermediates. 
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Chapter 5: Luminescence in Ternary 

Silicon Nitrides 

Introduction 

Photoluminescence has been exploited for fluorescent lamps since prior to 

World War II.1  The technology of fluorescent lamp tubes has not progressed much in 

the last seventy years.  Many of the bulbs currently in use are still filled with a low-

pressure of mercury vapor which when excited generates ultraviolet radiation, which 

in turn excites a phosphor coating the walls of the tube; that phosphor then produces 

white light.  Phosphors are essentially an emitting species doped into a host lattice.  

The coordination environment in the host lattice gives rise to specific crystal field 

splitting that produces the desired color.  Despite the use of mercury, fluorescent 

bulbs are more energy efficient than traditional incandescent bulbs and their use has 

increased with the mandated phase out of incandescent lighting. 

The phosphors in fluorescent lighting are typically oxide-based hosts lattices 

doped with lanthanides.  Commonly used hosts are aluminates and phosphates.  An 

example of such a phosphor is BaMgAl10O17:Eu:Mn (also known as BAM and Philips 

phosphor U788); it is a commonly used phosphor that emits blue-green light.  These 

materials can be synthesized using traditional solid-state methods, hydrothermal 

syntheses, and pyrolytic approaches.2, 3  Despite the variety of synthetic methods, 



 

 64 

these phosphors are degraded due to the formation of oxygen vacancies and thermal 

degradation.4, 5  Non-oxide phosphor hosts offer the potential for longer-lived 

phosphors and products with lower lifetime costs. 

Display and lighting technologies require the three primary luminescent 

colors: red, green and blue.6  Researchers have begun to look for new materials to 

fulfill these roles,7 the addition of dopants into metathesis products offers another 

means of producing such phosphors.  The dopants necessary to create red, green, and 

blue emitters are typically lanthanides such as Eu2+, Ce3+, Gd3+, Tb3+, Y3+, and Eu3+.6-8    

The structure of the host lattice greatly affects the resulting color and 

intensity.6  Both the local coordination environment and the efficiency of energy 

transfer to the emissive species are important factors when selecting a host.  Efficient 

energy transfer to the host can result in non-radiative processes and reduce the overall 

luminescence efficiency.  Unique coordination environments (such as the cubic sites 

in Ca16Si17N34)9 can allow new colors to be realized.  In this case, red from Ce3+.10 

Alkali and alkaline earth silicon nitrides (nitride phosphors) offer stability, relative 

inertness, and the potential for new coordination environments.11   

Self-propagating solid-state metathesis (SSM) reactions offer a route to 

compounds and phases of materials that are often difficult to produce using 

conventional methods.  SSM has been used to successfully synthesize refractory 

ceramics,11-13 other inorganic solids,14-19 solid-solutions and ceramic composites.20  

These self-propagating reactions can also be used to control crystallite size.21 SSM 

reactions have been used to produce main group nitrides22 and transition metal 
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nitrides.23-26  The synthesis of doped-ternary silicon nitrides through SSM reactions 

could provide an elegant and inexpensive route to luminescent materials.  In a slight 

departure from traditional SSM reactions, depending on the host ternary silicon 

nitride, some of these reactions require significant heat input (an oxy-methane torch) 

for initiation.27  The ternary silicon nitride phosphors presented in this chapter are 

characterized using X-ray powder diffraction and fluorimetry.   

 

Experimental 

Chemicals  

The following reagents were used as received: lithium nitride (Li3N, Cerac; 

99.5%, 60 mesh), magnesium nitride (Mg3N2, Alfa Aesar; 99.6%, 325 mesh), 

elemental silicon (Alfa Aeser, -325 mesh, 99.5%), red phosphorus (Cerac; 99.5%, -

325 mesh), calcium nitride (Ca3N, Cerac; 99%, 200 mesh), europium oxide (Eu2O3, 

Strem, 99.99%), terbium oxide (Tb4O7, Strem, 99.9%), cerium oxide (CeO2, Strem, 

99.9%).  Fumed silica (Cabot Corporation) was dried in a drying oven at 180 °C and 

stored in a helium-filled glove box.  Misch metal oxide was made by heating a striker 

flint (Fisher Scientific) in air at 500 °C to form a mixed oxide.  Hydrochloric acid 

(Fisher) was diluted to an approximately 6 M concentration by mixing equal parts of 

acid and water.  All other reagents were used as received.   
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Synthesis  

LiSi2N3 Phosphor Synthesis 

The general reaction for the formation of the lithium silicon nitride (LiSi2N3) 

is as follows (Equation 5-1): 

6 Si + 12 P + 13 Li3N → 3 LiSi2N3 + 12 Li3P + 2 N2  (5-1) 

Since many of the reactants are oxygen or water sensitive, all reactions were prepared 

and performed in a helium-filled glove box.  The reactants and dopants (0.01 to 

0.20 mol) were weighed in a helium-filled glove box as described by the following 

charts.  The synthesis of lanthanide-doped LiSi2N3 was carried out by weighing 

stoichiometric amounts of elemental silicon, phosphorus, lithium nitride, and a 

lanthanide oxide in a helium-filled glove box.  Approximately 0.65 g of material was 

used for each reaction.  The reactants were ground into a fine mixture with a mortar 

and pestle.  Warning:  Solid-state metathesis reactions are very exothermic and 

highly energetic.  Reactions of this type should be performed on a small scale using 

precautions afforded to similar reactions.  While in the glove box, the reaction 

mixture was transferred to a 0.5-inch diameter die and pressed into a pellet under a 

load of 3000 lbs.  The pellet was then placed into a steel reaction vessel modeled after 

a bomb calorimeter.21  A resistively heated nichrome wire touching the top of the 

pellet was used to initiate the reaction.  The reaction was completed in a matter of 

seconds.  

After the vessel cooled, the product was removed and taken out of the glove 

box.  The product was ground with a ceramic mortar and pestle, washed with water 
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and stirred with 6.0 M hydrochloric acid.  Caution:  The initial washing should be 

performed in a fume hood.  The addition of aqueous reagents to this solid mixture can 

initially produce flames, pops, and release toxic gases (PH3).  Adequate precautions 

should be taken.  To ensure that the product has been successfully doped, the 

unincorporated lanthanide oxides were removed by several washes with 6.0 M 

hydrochloric acid.  Subsequent water washes removed any other byproducts and salts.  

Between each wash, the product suspension was centrifuged (four cycles of 5 minutes 

each) to facilitate removal of the supernatant liquid and wash away excess dopant and 

byproducts.  After isolation, the samples were left to dry in a 180 °C oven.  These 

powders were then used to make X-ray and luminescence slides. 

MgSiN2 Phosphor Synthesis 

The synthesis of MgSiN2 (Equation 5-2) was carried out as outlined in 

reference 5-X27. The reactants and dopants (0.01 to 0.20 mol) were weighed in a 

helium-filled glove box.  This reaction requires a more significant input of energy to 

initiate; this was accomplished using an oxy-methane torch with a flame temperature 

of ≥2500 °C. 

SiO2 + Mg3N2 → MgSiN2 + 2 MgO    (5-2) 

The addition of Li3N and Ca3N2 to the reaction was shown to increase crystallinity. 

XRD Analysis  

The products were analyzed using an X’Pert PANalytical powder X-ray 

diffractometer with Cu Kα radiation (λ = 1.5418 Å).  Product samples were scanned 
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from 10-100° 2θ at 0.1-degree intervals with a 3 second count time per interval.  The 

patterns obtained were analyzed and interpreted using the Macintosh software 

MacDiff (http://www.geol.uni-erlangen.de/html/software/Macdiff.html) and CMPR. 

Luminescence 

The products were analyzed using a Jobin-Yvon-Spex Tau3 Fluorolog 

spectrofluorometer in reflection mode.  Steady-state emission and excitation spectra 

were collected.  The luminescence slides were prepared by placing the powder 

samples onto plastic slides (~1 cm wide) and then using a drop of methanol to 

disperse them.  After the slides were dry, aerosol hairspray (Rave) was used as a 

fixant. 

Results and Discussion 

X-ray powder diffraction of the doped and undoped alkali and alkaline earth 

silicon nitrides (Figures 5-1 and 5-2) shows no change in the lattice as dopants are 

added. 
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Figure 5–1. Powder X-ray diffraction pattern of LiSi2N3 as synthesized (bottom 
trace), 0.20 mol Eu doped into the LiSi2N3 lattice (middle), and 0.20 mol Tb doped 
into the LiSi2N3 lattice (top trace). 

 

Figure 5–2.  Powder X-ray diffraction pattern of MgSiN2 as synthesized (bottom 
trace), 0.10 mol Eu doped into the MgSiN2 lattice (middle), and simulated pattern 
of MgSiN2 (JC-PDS 25-0530) (top trace). 
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Fluorescence 

Europium ions incorporated into the alkali and alkaline earth silicon nitride 

lattices emit in the red (MgSiN2) and the blue (LiSi2N3) as seen in Figure 5-3.  The 

red emission at 618 nm was achieved with 0.1 mol of Eu2O3 and is due to the Eu3+ 

ion.  The blue emission at 475 nm was due to the Eu2+ emission; 0.1 mol of Eu2O3 

was added to the sample at synthesis. 

Terbium ions (Figure 5-4), incorporated into the LiSi2N3 lattice through the 

addition of 0.1 mol of terbium oxide, were shown to have a broad emission in the 

green (centered on 546 nm, excitation wavelength 340 nm).   

Violet emission was obtained from the addition of 0.1 mol of thulium oxide to 

the lithium silicon nitride reaction; a broad emission peak was seen at 410 nm.  

Unexpectedly, the LiSi2N3 lattice itself emits violet as well (broad emission, centered 

around 429 nm) when excited with 300 nm light (Figure 5-5).  A broad violet 

emission was also seen at 412 nm in lithium silicon nitride doped with 0.1 mol of 

misch metal oxide (excitation at 326 nm); this emission is from cerium ions 

incorporated into the lattice.  
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Figure 5–3.  Emission spectra of Eu doped LiSi2N3 (emission at 475 nm, 
excitation wavelength of 360 nm), MgSiN2 doped with Eu (emission at 618 nm, 
excitation wavelength of 380 nm) and europium oxide (excitation wavelength of 
380 nm). 
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Figure 5–4.  Emission spectra of Tb doped LiSi2N3 (broad emission centered 
around 546 nm, excitation wavelength of 340 nm), LiSi2N3 and terbium oxide. 
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Figure 5–5.  Emission spectra of Tm doped LiSi2N3 (broad emission centered 
around 410 nm, excitation wavelength of 300 nm).  Unexpectedly, LiSi2N3 (429 
nm) and thullium oxide (374 nm) also appear to emit. 

 

Conclusions  

Alkali and alkaline earth silicon nitrides can be synthesized via solid-state 

metathesis reactions.  During these reactions, it is possible to dope the lattice with 

metal oxides and produce luminescent materials; it should also be noted that 

europium has been used as a dopant in the Eu3+ oxidation state and been reduced to 

Eu2+ within the LiSi2N3 lattice.  This is a possible route to producing large quantities 

of a doped nitride suitable for phosphors; a difficult task using traditional methods 

given the propensity for decomposition when thermally processing nitrides.  Red, 

blue, green and violet emitting phosphors have been produced.   
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Additional research is needed to determine the optimum doping level for 

maximum emission as well as the level of dopant incorporation.  It would be 

interesting to study the impact of enhanced product crystallinity on luminescence or if 

using different size starting materials (e.g. –100 and –325 mesh SiO2) could produce 

more crystalline products. 

 

References 

 
(1) Blasse, G. and B.C. Grabmaier, Luminescent Materials. 1994, Berlin: 

Springer-Verlag. 

(2) Chen, L.-T., I.L. Sun, C.-S. Hwang, and S.-J. Chang, Luminescence properties 

of BAM phosphor synthesized by TEA coprecipitation method. Journal of 

Luminescence, 2006. 118(2): p. 293-300. 

(3) Li, H.-L., N. Hirosaki, R.-J. Xie, T. Suehiro, and M. Mitomo, Fine yellow a-

SiAlON:Eu phosphors for white LEDs prepared by the gas-reduction–

nitridation method. Science and Technology of Advanced Materials, 2007. 8: 

p. 601-606. 

(4) Bizarri, G. and B. Moine, On phosphor degradation mechanism: thermal 

treatment effects. Journal of Luminescence, 2005. 113(3–4): p. 199-213. 

(5) Klaassen, D.B.M., L.D.M. De, and T. Welker, Degradation of phosphors 

under cathode-ray excitation. J. Lumin., 1987. 37(1): p. 21-8. 

(6) West, A.R., Basic Solid State Chemistry. 2nd ed. 1999, Chichester, West 

Sussex, England: John Wiley & Sons Ltd. 480. 



 

 75 

(7) Neeraj, S., N. Kijima, and A.K. Cheetham, Novel red phosphors for solid-

state lighting: the system NaM(WO4)2-x(MoO4)x:Eu3+ (M = Gd, Y, Bi). 

Chemical Physics Letters, 2004. 387: p. 2-6. 

(8) Hao, J. and M. Cocivera, Cathodoluminescence of Sr2B5O9Cl thin films doped 

with Tm3+, Tb3+ and Mn2+. Journal of Physics: Condensed Matter, 2002. 14: p. 

925-933. 

(9) Hick, S.M., M.I. Miller, R.B. Kaner, and R.G. Blair, Synthesis and Crystal 

Structure of Cubic Ca16Si17N34. Inorganic Chemistry, 2012. 51(23): p. 12626-

12629. 

(10) Toquin, R.L. and A.K. Cheetham, Red-emitting cerium-based phosphor 

materials for solid-state lighting applications. Chemical Physics Letters, 

2006. 423: p. 352-356. 

(11) Gillan, E.G. and R.B. Kaner, Synthesis of Refractory Ceramics via Rapid 

Metathesis Reactions between Solid-State Precursors. Chemistry of Materials, 

1996. 8(2): p. 333-43. 

(12) Gillan, E.G. and R.B. Kaner, Rapid, energetic metathesis routes to crystalline 

metastable phases of zirconium and hafnium dioxide. Journal of Materials 

Chemistry, 2001. 11(7): p. 1951-1956. 

(13) Parkin, I.P. and A.T. Nartowski, Fast Metathesis Routes to Tungsten and 

Molybdenum Carbides. J. Mater. Sci. Lett., 1999. 18: p. 267-268. 



 

 76 

(14) Kaner, R.B., S.K. Bux, J.-P. Fleurial, and M. Rodriguez, Rapid solid-state 

metathesis routes to nanostructured silicon-germanium,Patent 

US20110318250A1, 2011 

(15) Bux, S.K., M. Rodriguez, M.T. Yeung, C. Yang, A. Makhluf, R.G. Blair, J.-P. 

Fleurial, and R.B. Kaner, Rapid solid-state synthesis of nanostructured 

silicon. Chem. Mater., 2010. 22(8): p. 2534-2540. 

(16) Cumberland, R.W., R.G. Blair, C.H. Wallace, T.K. Reynolds, and R.B. Kaner, 

Thermal Control of Metathesis Reactions Producing GaN and InN. Journal of 

Physical Chemistry B, 2001. 105(47): p. 11922-11927. 

(17) O'Loughlin, J.L., C.H. Wallace, M.S. Knox, and R.B. Kaner, Rapid Solid-

State Synthesis of Tantalum, Chromium, and Molybdenum Nitrides. Inorganic 

Chemistry, 2001. 40(10): p. 2240-2245. 

(18) Jarvis, R.F., Jr., R.M. Jacubinas, and R.B. Kaner, Self Propagating Metahtesis 

Routes to Metastable Group 4 Phosphides. Inorganic Chemistry, 2000. 39: p. 

3243-3246. 

(19) Bonneau, P.R., J.B. Wiley, and R.B. Kaner, Rapid Solid-State Synthesis of 

Materials from Molybdenum Disulfide to Refractories. Inorganic Synthesis, 

1995. 30: p. 33-37. 

(20) Rao, L., E.G. Gillan, and R.B. Kaner, Rapid Synthesis of Transition Metal 

Borides by Solid-State Metathesis. J. Mater. Res., 1995. 10: p. 353-361. 

(21) Bonneau, P.R., R.F. Jarvis, Jr., and R.B. Kaner, Metathetical Precursor Route 

to Molybdenum Disulfide. Nature (London), 1991. 349: p. 510-512. 



 

 77 

(22) Janes, R.A., M. Aldissi, and R.B. Kaner, Controlling Surface Area of 

Titanium Nitride Using Metathesis Reactions. Chemistry of Materials, 2003. 

15(23): p. 4431-4435. 

(23) Cordova, J. and J. Laine, Physical and chemical characterization of national 

diatomaceus earth: Laghuna Brava, Estado Merida. Acta Cientifica 

Venezolana, 1989. 40(2): p. 155-6. 

(24) Hector, A.L. and I.P. Parkin, Magnesium and Calcium Nitrides as Nitrogen 

Sources in Metathetical Reactions to Produce Metal Nitrides. Chemistry of 

Materials, 1995. 7(9): p. 1728-33. 

(25) Ali, S., M.D. Aguas, A.L. Hector, G. Henshaw, and I.P. Parkin, Solid state 

metathesis routes to metal nitrides; use of strontium and barium nitrides as 

reagents and dilution effects. Polyhedron, 1997. 16(20): p. 3635-3640. 

(26) Parkin, I.P. and A.M. Nartowski, Solid state metathesis routes to Group IIIa 

nitrides: comparison of Li3N, NaN3, Ca3N2 and Mg3N2 as nitriding agents. 

Polyhedron, 1998. 17(16): p. 2617-2622. 

(27) Blair, R.G., A.J. Anderson, and R.B. Kaner, A Solid-State Metathesis Route to 

MgSiN2. Chemistry of Materials, 2005. 17(8): p. 2155-2161. 

 

 

  



 

 78 

 

Chapter 6: Solid-State Metathesis Routes to 

Refractory Carbides 

Introduction 

Diamond is the hardest form of carbon and one of the hardest materials known 

to man.  Although widely used in cutting tools and abrasives, diamond is expensive 

and reacts with metals such as iron during cutting operations to form carbides.  Metal 

carbides can be very hard as well.  Although not as hard as diamond, they can be 

produced in a more cost effective manner and do not adversely interact with iron.  

These hard carbides have found uses as diamond substitutes in applications such as 

cutting tools and abrasives.  Boron carbide (B4C) and zirconium carbide (ZrC) are 

both ultra-hard, refractory ceramics used in many applications.1-4 

Boron carbide (B4C), first synthesized by H. Moissan in 1899.5, is one of the 

hardest known bulk materials after diamond, cubic boron nitride (c-BN), and certain 

transition metal borides.  Because of its hardness (~3000 kg/mm2) and excellent wear 

resistance, it is widely used as an abrasive.6  Because it is light and hard, it has found 

applications in tank armor and bulletproof vests.7, 8  Its high cross-section for neutron 

absorption makes it a useful material for use in nuclear applications as power plant 

control rods. 
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Figure 6–1. Vicker’s hardness of common materials. 

 

Zirconium carbide (ZrC), an excellent material for engineering applications, is 

not widely used because it is difficult to sinter into a compact billet.  It is of interest 

because of its high hardness (2700 kg/mm2), high strength (990 MPa), high melting 

point (3540 °C), and relatively good electrical conductivity (2.0 x 10-8 ohm-1cm-1).9  

These properties make ZrC an excellent candidate for strengthening brittle 

thermoelectric compounds. For example, cobalt antimonide (CoSb3) softens at its 

desired temperature of operation (~700 ºC) and has poor machinability.  This leads to 

cracks and poor surface morphologies.  Carbide reinforcement using nanoparticles 

offers the potential for improved machinability and crack resistance.  This comes 

about through crack pinning.  Crack pinning (see Figure 6-2) occurs when crack 

propagation in a material stops after a crack encounters a grain in the composite with 

a different bulk modulus than the matrix.  
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Figure 6–2.  Crack pinning in a nanoparticle reinforced material.  Crack propagation 
stops after a crack encounters a nanoparticle. 

The synthesis of carbonaceous materials by solid-state metathesis has been 

previously reported10 and typically involves prolonged heating of the elements or a 

mixture of their oxides and a carbon source.11  An alternative to these very energy-

intensive approaches could lower the production costs associated with refractory 

carbides.  One approach is to form the carbides though metathesis reactions that are 

driven by the enthalpy of formation of a salt or oxide by-product.  These solid-state 

metathesis (SSM) reactions can be performed in the absence of a solvent and have 

been used to produce a variety of refractory inorganic compounds including a range 

of carbides,12 borides,13 and nitrides.14-18  A metathesis reaction is a double 

displacement reaction (see Equation 6.1); in the solid-state, these reactions typically 

involve a metal halide (AB, in equation 6.1 below) and a reactive carbon, boron, or 

nitrogen source (CD, below) to form a binary (or even a ternary) product.  

AB(s) + CD(s)  →  AD(s) + CB(s)                                                     (6.1) 

This approach requires an initial input of energy to produce a self-propagating 

reaction.  Typically this energy is supplied with a resistively heated wire.  But, any 
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heat source can be used even an open flame or the application of microwave energy.  

Rapid, solid-state metathesis reactions initiated by an open flame are known to 

produce transition metal carbides in good yields.10  Solid-state metathesis reactions 

typically produce highly crystalline, nano-scale materials via microwave initiation 

with a dramatically reduced completion time.19  Microwave initiated reactions are of 

interest because through their rapid temperature increase followed by a rapid decrease 

in temperature, particle size remains low, producing nano- and micron-sized particles.  

This rapid cooling prevents the clumping and growth of particles during propagation 

of the reaction, essentially stopping Ostwald ripening, and produces a higher number 

of particles will within the nano-scale regime.  By combining previously studied 

reactions with microwave initiation, nano-sized B4C and ZrC can be accessed 

efficiently and inexpensively.  Such a preparation method could be ideal for industry 

and may also access improved mechanical properties.  In this chapter, we investigate 

solid-state metathesis (double displacement) reactions between metal halides and 

reactive carbon sources as an inexpensive route to form boron carbide and zirconium 

carbide.  

 

Experimental 

Chemicals  

The reagents used were zirconium chloride (Alfa Aesar, 99.5%), calcium 

carbide (Fluka; 80%), magnesium boride (Alfa Aesar), hexachloroethane (Aldrich, 

99%), boron oxide (Cerac, 99.9%, 200 mesh), and boron (Cerac, 99.9+%).  The 
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calcium carbide (Fluka) was loaded into a ball mill (SPEX Mixer Mill 8000D) under 

argon atmosphere, ground for 30 minutes, and sieved through a 400 mesh sieve.  All 

solid reagents were stored in a helium-filled glove box.  Hydrochloric acid (Fisher) 

was diluted to an approximately 6 M concentration by mixing equal parts of acid and 

water.  All other reagents were used as received. 

6 MgB2 + 2 C2Cl6 → 3 B4C + 6 MgCl2 + C     (6.2) 

ZrCl4 + 2 CaC2 → ZrC + 2 CaCl2 + 3 C     (6.3) 

Synthetic Preparation  

Since many of the reactants are oxygen or water sensitive, all of the reactions 

were prepared in an inert atmosphere (helium) glove box.  A total reaction mix of 

0.65 g (used for most reactions) was weighed on an analytical balance inside the 

glove box.  The reactions were balanced so that all of the alkali metal and halogen is 

consumed in the reaction.  Using an agate mortar and pestle, the reactant powders 

were ground into a fine mixture.   

B4C synthesis was conducted using steel reaction vessel modeled after a bomb 

calorimeter.20 The reactions were initiated using torch,18 microwave,19 or carbon arc 

methods.  ZrC synthesis was initiated using the bomb calorimeter-type reactor, torch, 

and microwave.  Table 6.1 lists a partial set of reactions investigated.  Bomb reactor 

and carbon arc reactions were initiated in a glove box.  Microwave and torch 

reactions were removed from the glove box prior to initiation. 
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Torch Synthesis  

The reaction mixture was pressed into a pellet with the use of a hydraulic 

press located inside the glove box.  The pellet was then placed into a tightly capped 

20 mL borosilicate glass scintillation vial and removed from the glove box.  The 

flame of an oxy-methane torch was then brought up to the pellet in the vial and 

quickly removed once initiated. 

The reacted pellet was ground under 6 M HCl and stirred.  The product was 

isolated by two subsequent washes with distilled water, followed by centrifugation, 

and drying in a hot oven (180 ˚C). 

Microwave Synthesis 

The reaction mixture was prepared as above, but left as a loose powder rather 

than pressed into a pellet. The reaction mixture was then placed into a tightly capped 

20 mL borosilicate glass scintillation vial and removed from the glove box.  

Reactions were initiated using microwave energy in an 1100 watt Daewoo household 

microwave oven (2.45 GHz) with a firebrick plate as a reaction platform in place of 

the standard glass turntable.  Caution! These reactions reach high temperatures 

rapidly.  Care should be taken in the choice of a reaction vessel and when increasing 

the reaction scale.  The reaction vessel can become extremely hot and may soften.  

Larger scale reactions may also lead to catastrophic vessel failure.  Microwave 

energy was applied to the reaction mixture at the 100% power setting.  
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XRD Analysis  

The products were analyzed using a PANalytical X’Pert Pro diffractometer 

with Cu Kα radiation (λ = 1.5418 Å).  Product samples were scanned from 10-100˚ 2θ 

at 0.03-degree intervals with a 25 second count time per interval.  The patterns 

obtained were then analyzed and interpreted using the PANalytical X’Pert Highscore 

Plus software and the Joint Committee on Powder Diffraction Standards (JC-PDS) 

database. 

Crystallite size and lattice strain of ZrC products were determined using the 

method of integral line breadths.21  In accordance with this method, a plot of the area 

under each diffraction peak versus its d-spacing gives a linear relationship.  The slope 

of this line contains information on the crystallite size, while the y-intercept indicates 

the lattice strain.  Size broadening is assumed to follow a Gaussian profile and strain 

broadening is modeled as a Cauchy profile. 

Results  

The initial reaction of magnesium boride (MgB2) and hexachloroethane 

(C2Cl6) in a bomb reactor produced B4C with amorphous carbon impurities.  The 

reaction between MgB2 and C2Cl6 by carbon arc produced boron carbide with fewer 

side products, although the yield was low.  Boron carbide synthesis attempted by 

microwave initiation most often resulted in the production of carbon compounds 

rather than the desired product.  The reaction between magnesium boride, 

hexachloroethane, and sulfur resulted in the highest yield of B4C (70-80%) with trace 
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graphite impurities (Figure 6-3).  The average crystallite size when initiated in a 

bomb reactor was 23.3 nm and 25.0 nm when initiated by an oxy-methane torch. 

 
Figure 6–3.  Powder X-ray diffraction pattern of the washed B4C product formed 
from the reaction MgB2 + C2Cl6 + S that was initiated by a resistively heated 
nichrome wire in a bomb-type reactor. A simulated pattern for B4C is provided as 
a reference (JC-PDS 35-0798). The remaining peaks can be attributed to graphite 
(JC-PDS 08-0415) and an unknown impurity. 
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Table 6–1.  Results of attempted B4C forming reactions broken down by initiation 
method. 

Reaction Initiation 
Method Result 

MgB2 + C2Cl6 Bomb Amorphous Carbon + B4C 
 Torch Graphite + B4C 
 Microwave Amorphous Carbon 
 Carbon Arc B4C w/ Graphite Impurities 

MgB2 + C2Cl6 + S Bomb B4C w/ Graphite Impurities 
  Torch B4C w/ Graphite Impurities 
  Microwave Amorphous Carbon 

MgB2 + C2Cl6 + P Bomb Graphite 
  Torch Graphite 

MgB2 + Poly Vinyl Chloride Bomb No Reaction 
  Torch Graphite 

B2O3 + C2Cl6 Bomb No Reaction 
  Torch Amorphous Carbon 

B + S + CaC2 Bomb Graphite 
  Torch Graphite 

B + P + CaC2 Bomb Graphite 
  Torch Amorphous Carbon 

 

Powder X-ray diffraction data indicated that both the microwave and torch 

initiated products from the reaction of zirconium chloride and calcium carbide are 

made up of zirconium carbide and zirconium oxide (ZrO2), as seen in Figure 6-4 and 

6-5.  Although contaminated, the microwave and torch initiations successfully 

produced zirconium carbide.  The crystallite size of ZrC was calculated to be 29.0 nm 

(strain = 0.2 ± 0.2%) for a microwave initiated reaction and 22.9 nm (strain = 0.21 ± 

0.03%) for the torch-initiated reaction. 
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Figure 6–4.  Powder X-ray diffraction pattern of the washed ZrC product formed 
from the microwave initiated reaction of ZrCl4 + 2 CaC2 overlaid with a simulated 
pattern of ZrC (JC-PDS 35-0784).  The remaining peaks can be attributed to two 
different phases of ZrO2 (•, monoclinic, JC-PDS 37-1484 and *, tetragonal, JC-PDS 
17-0923) and graphite ( JC-PDS 26-1079). 
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Figure 6–5.  Powder X-ray diffraction pattern of the washed ZrC formed from the 
reaction of ZrCl4 + 2 CaC2 and initiated by an oxy-methane torch.  The simulated 
pattern of ZrC (JC-PDS 35-0784) is overlaid.  Two different phases of ZrO2 (•, 
monoclinic, JC-PDS 37-1484 and *, tetragonal, JC-PDS 17-0923) and graphite ( 
JC-PDS 26-1079) account for the remaining peaks. 
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Table 6–2.  Results of ZrC Forming Reactions Broken Down by Initiation Method 

ZrCl4 + 2 CaC2 Bomb ZrC + Graphite + ZrO2 
  Torch ZrC w/ ZrO2 Impurities 
  Microwave ZrC w/ ZrO2 Impurities 

ZrCl4 + 2 CaC2 + S Bomb Amorphous Carbon 
  Torch Graphite 

ZrCl4 + 2 CaC2 + Mg Bomb Graphite 
  Torch Graphite 

 

Initially, excess zirconium tetrachloride (ZrCl4) was thought to have caused 

the ZrO2 in the products.  In an effort to remove the excess ZrCl4, a mixture of 

reactants was sealed in a glass tube and the reaction was initiated with an oxy-

methane torch.  The excess ZrCl4 was then transported away from the products by 

placing the reaction end of the tube in a 500 °C furnace, while exposing the other 

sealed end to room temperature; the excess ZrCl4 collected at the cold end of the tube.  

Powder X-ray diffraction showed that, after the mixture was washed, the product still 

contained ZrO2.  A subsequent search of the literature revealed that zirconium 

tetrachloride decomposes in water forming zirconium oxychloride and hydrochloric 

acid.11  Zirconium oxychloride is, in turn, soluble in water and, therefore, not the 

source of ZrO2.  

After determining that the ZrO2 was not produced from ZrCl4, the CaC2 was 

critically analyzed and found to be the reactant leading to the ZrO2.  The CaC2, 

purchased commercially through Fluka, is only 80% pure; the other 20% was initially 

thought to be excess carbon.  A quantitative analysis of a sample of CaC2 confirmed 
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the presence of graphite as well as calcium oxide.  During the reaction, the CaO was 

free to react with zirconium metal to form ZrO2 and contaminate the final product. 

 

Quantitative Analysis of Calcium Carbide (CaC2) for Carbon and Calcium Content 

To determine the amount of carbon and other impurities in the CaC2 (Fluka), 

it was necessary to examine the starting material (400 mesh, ball milled) by 

quantitative analysis. 

Exactly 0.3613 g of calcium carbide (400 mesh) was left exposed to air in the 

back of a hood for three days. (Calcium carbide is highly reactive; it degrades and 

produces acetylene gas.)  After three days, hydrochloric acid was added to the 

remaining powder.  The mixture was filtered using 0.1 µm filter paper.  The filter 

paper and resulting solids were then dried under vacuum.  These solids were 

equivalent to the amount of elemental carbon present in the 80% CaC2.   

The filtrate was treated with 100 mL of a 10 wt.% oxalic acid solution.  The 

pH was adjusted to neutral with ammonium hydroxide.  The solution, after the solids 

were filtered away, was heated to 1000 °C for four hours.  After heating, the 

remaining solids can be attributed to the mass of CaO present in the Fluka CaC2. 

 

Thermoelectric Composite 

A sample of boron carbide was successfully tested as a reinforcement material 

for skutterudite thermoelectrics.  B4C was blended with a sample of the 
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thermoelectric material, CoSb3, and hot pressed.  The B4C/CoSb3 composite shows 

sharp edges and is easily cut; in comparison, the CoSb3 is brittle and difficult to 

machine (Figure 6-6).  The inclusion of refractory carbide particles in the CoSb3 

matrix dramatically improves the mechanical properties of the material.  Through 

crack pinning, the B4C particles successfully halt crack propagation.  The resulting 

composite shows an improved resistance to cracking and better processing 

characteristics. 

 
Figure 6–6.  Comparison of newly machined CoSb3 (top) and B4C/CoSb3 composite 
(bottom). The CoSb3 sample shows tooling marks and broken edges from the 
machining process, while the B4C/CoSb3 sample shows no such damage. 

 

Discussion 

SSM reactions can be used as a fast and inexpensive route to refractory 

carbides.  Successful solid-state metathesis routes were found to both B4C and ZrC. 

Boron carbide, though contaminated with carbon impurities, was synthesized 

via two reaction pathways utilizing several initiation methods; from magnesium 

diboride and hexachloroethane initiating with a nichrome wire, oxy-methane torch, or 

a carbon arc; or, using a nichrome wire or a torch to initiate the reaction between 

MgB2, C2Cl6 and sulfur.  Though the products generated were not pure, it is possible 
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to remove the carbon impurities.22, 23  However, carbon contamination of boron 

carbide is not entirely undesirable.  Due to regular use as nuclear control rods, 

mixtures of B4C and graphite are well studied; moderate amounts of graphite only 

slightly reduce the strength of B4C.24-26  In addition, because boron carbide is 

extremely difficult to compact completely and requires high temperatures to do so, 

nearly all B4C products contain small amounts of carbon (or silicon).27, 28 

A successful solid-state metathesis route to ZrC was found using a microwave 

or torch to initiate the reaction; however, the product was contaminated with ZrO2 

(Figures 6-4 and 6-5).  In order to synthesize a pure sample of ZrC, pure calcium 

carbide must be used.10, 29  A 98% pure sample of CaC2 can be created by reacting 

elemental calcium and carbon in a high-energy ball mill.30 

 

Conclusions  

Nanoparticles of B4C and ZrC were successfully synthesized in a matter of 

seconds using solid-state metathesis reactions.  The short duration of these reactions 

offers an appealing route to the production of refractory carbides for commercial 

applications.  The oxide contamination of the ZrC product was directly related to the 

purity of the CaC2 used in the reaction.  Addition of B4C to CoSb3 thermoelectrics 

noticeably improved the machinability of the material.  In future work, the 

composition of the ZrC byproduct could be controlled allowing for its use as a 

reinforcement material. 
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Chapter 7: Future Work 

Introduction 

The preceding chapters outline reactions that provide new routes to nitrides 

and carbides for electrical, lighting, and mechanical applications.  Some of the 

investigated reaction pathways led to unexpected results a few of which are outlined 

in this chapter.  There are also suggestions for materials properties that can be 

explored in the future. 

 

Calcium Silicon Nitride 

Cubic-Ca16Si17N34 may have interesting catalytic properties.  It has a large unit 

cell and may be useful as a zeolite-like structure.  Oxide-type structures are acidic 

(Lewis).  Nitride structures would have interesting Lewis base properties.  Fewer 

structures have Lewis base motifs. 

Owing to its unique crystal field splitting, Ca16Si17N34 is a potentially 

interesting host for new phosphors. 

 

Refractive Carbides 

The reaction of zirconium chloride and calcium carbide should be reexamined 

using 98% pure calcium carbide that is easy to prepare in a ball mill.  Hopefully, the 

amount of ZrO2 will be reduced in the final product and the resulting ZrC would be 

suitable for use as a reinforcement material. 
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Luminescence in Ternary Nitrides 

The study in Chapter 5 would benefit from complete fluorescence 

characterization.  The quantum yield and lifetime of the phosphors could be explored 

in detail. The electroluminescence of these materials could be studied with 

cathodoluminescence. 

In addition to the reactants presented in Chapter 5, the following metal oxides 

were explored as dopants: cerium oxide (CeO2, Strem, 99.9%), lanthanum oxide 

(La2O3, Research Chemicals, A Division of NUCOA Corporation, 99.997%), 

praseodymium oxide (Pr6O11, Strem, 99.9%), silver oxide (Ag2O).  Misch metal oxide 

was made by heating a striker flint (Fisher Scientific) in air at 500 °C to form a mixed 

oxide.  All of these dopants were used when synthesizing LiSi2N3 and MgSiN2 in an 

effort to produce a blue emitter.  The excitation and emission spectra should be 

revisited.  Even though they did not emit in the blue, the information should not be 

discounted.  It is also possible that other host lattices (such as Ca16Si17N34) will 

produce a better phosphor. 

 During the reaction of 6 Si + 12 P + 13 Li3N + Tm2O3, it was noticed that the 

reactions with lower amounts of Tm2O3 (0.05 mol and 0.01 mol) produced thulium 

silicon oxynitride.  At increased levels of doping (0.20 mol and 0.10 mol), 

LiSi2N3:Tm was favored.  The rare-earth silicon oxynitrides are of interest as 

phosphors as well.1 
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Additional research is needed to determine the optimum doping level for 

maximum emission as well as the level of dopant incorporation.  It would be 

interesting to study the impact of enhanced product crystallinity on luminescence or if 

using different size starting materials (e.g. –100 and –325 mesh SiO2) would produce 

more crystalline products. 

It could also be important to gauge the level of doping after washing and the 

synthetic reproducibility.  This will be particularly important with low levels of 

dopant loading.  This could be accomplished using Particle-Induced X-ray Emission 

spectrometry (PIXE).  This analytical method allows for elemental sensitivity down 

to several ppm for lanthanide elements.  This type of X-ray analysis is much more 

sensitive to the heavier elements (Z >20) than the more commonly used SEM/EDS 

analysis, because of the increased ionization potential of an accelerated proton beam 

and the increased X-ray production cross-sections.  For example, while SEM/EDS 

uses the M X-ray lines for identification and analysis of the lanthanides, PIXE has 

enough yield of the L X-ray lines to make less ambiguous measurements with lower 

limits of detection.  Information about the amount of rare earth incorporated into the 

lattice could also be gained through Mössbaur Spectroscopy. 

EPR studies were conducted during this research, but provided no information 

about the oxidation state of the rare earth dopant.  Annealing to remove defects in the 

lattice may reveal the oxidation state. 
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  Li2SiN2 is a known fast ion conductor, by analogy, other alkali and alkaline 

earth nitrides (e.g. LiSi2N3 and MgSiN2) most likely are too.  A complex impedance 

study of the matrix, doped and undoped, could yield interesting properties. 

 

Terbium Silicide 

 Terbium silicide (TbSi2) is a gray solid first described in detail in the late 

1950’s.2  The metallic resistivity and low Schottky barrier of TbSi2 (on n-type doped 

silicon) make it a potential candidate for applications such as infrared detectors, 

ohmic contacts, magnetoresistive devices, and thermoelectric devices.3-8  The initial 

synthesis using a metathesis pathway was discovered serendipitously in an attempt to 

produce terbium (Tb) doped magnesium silicon nitride (MgSiN2) by oxy-methane 

torch initiation. 

 The following metathesis reaction (Equation 7-1) was chosen as a route to 

produce Tb doped MgSiN2.9, 10  However, the reaction could not be initiated with a 

nichrome wire; when initiated with an oxy-methane torch, the reaction produced 

TbSi2 (Equation 7-1). 

SiO2 + Mg3N2 + Li3N + Ca3N2 + Tb4O7 →  MgSiN2:Tb + oxides  (7-1) 

 Further research discovered additional routes to TbSi2 utilizing 

mechanochemical reaction in a ball mill and a simplified reaction that could be 

initiated with the oxy-methane torch (Equations 7-2 and 7-3).11  The reaction of CaSi2 

and magnesium silicide (Mg2Si) had previously been used to synthesize transition 

metal silicides.12  The addition of magnesium silicide (Mg2Si) to the mixture shown in 
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Equation 7-2, highly crystalline TbSi2 can be produced by torch initiation (Equation 

7-3).  Reactions initiated with a torch produce the hexagonal phase of TbSi2 and 

reactions initiated by ball milling produce the orthorhombic phase of TbSi2. 

CaSi2 + Tb4O7 →TbSi2 + CaO   (7-2) 

CaSi2 + Mg2Si + Tb4O7 → TbSi2 + CaO + MgO (7-3) 

Experimental 

The following reagents were used in the synthesis of TbSi2: silica (Cab-O-Sil), 

magnesium nitride (Afa Aesar, 99.6%), lithium nitride (Cerac, 99.5%, 60 mesh), 

calcium nitride (Cerac, 99%, 200 mesh), calcium silicide (Strem, 95%), magnesium 

silicide (Aldrich, 99+%, 20 mesh), and terbium oxide (Strem, 99.9%). 

Reactions initiated with a torch were performed on relatively small scales (< 1 

g amounts).  Ball milled reactions were executed on a larger scale (> 5 g).  All 

reactions were prepared in a helium-filled glove box.  The reactions were balanced 

such that all of the alkali or alkali earth metal and oxygen should be consumed in the 

reaction.  Reactions using Equation 7-1 and Equation 7-3 were pressed into a pellet 

and removed from the glove box; they were then initiated with an oxy-methane flame 

for 20-120 seconds.  Reactions carried out using Equation 7-2 were loaded into an 

air-tight steel vessel (sealed under a helium atmosphere), loaded into a SPEX 8000D 

mixer mill, and milled for a total of 8 hours.  All products were washed with 6 M HCl 

to remove the by-products, then washed with water and finally dried in an oven. 

The dried products were examined by powder X-ray diffraction (XRD) using 

a PANalytical Powder X-ray diffractometer using Cu Kα (λ = 1.54 Å) radiation. 
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Scans were conducted with a range of 10° ≤ θ ≤ 100° at 0.0330 degree intervals and 

25.1300 second count times. 

Results 

Powder X-ray diffraction shows that the initial reaction in Equation 7-1 

resulted in the high purity production of hexagonal TbSi2.  However, after the Li3N on 

hand was consumed, the same lot number was received from Cerac at which point all 

further experiments were unsuccessful in producing TbSi2.  XRD analysis of a small 

sample of the initial Li3N revealed a significant amount of lithium oxide (Li2O) 

impurities.  Therefore, some of the Li3N used in the initial reaction (Equation 7-1) 

was replaced with Li2O (40% by weight); this mixture (Equation 7-4) successfully 

produced TbSi2 (Figure 7-1).  The reaction with added Li2O3 produces TbSi2 after 

heating with the torch for only about 25 seconds; a longer application of heat from the 

torch produces Li2SiO3 rather than the desired product.  This was unlike the initial 

reaction in which TbSi2 production was observed over a much larger range, typically 

40-90 seconds. 

SiO2 + Mg3N2 + Li3N + Li2O + Ca3N2 + Tb7O4 →  TbSi2 + oxides + N2 (7-4) 

 The salt-balance reaction in Equation 7-2, when initiated using a ball mill, 

produced orthorhombic TbSi2 as confirmed by XRD (Figure 7-2).  Silicon and silicon 

dioxide impurities were also present in the product.  When Equation 7-2 was product-

balanced, TbSi2 was produced, but contained terbium and silicon dioxide impurities. 

The CaSi2 used in this experiment had a 5% iron impurity; it was important to 

verify that iron silicide impurities were not present in the final product.  Powder XRD 
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confirmed that there were no such impurities present.  The reaction was also 

attempted with the mono-silicide (CaSi); TbSi2 was produced only as a minor product 

amongst several other compounds (Figure 7-3).  The iron impurity in CaSi2 could 

potentially be acting as a catalyst for the production of TbSi2. 

 

Figure 7–1.  Powder XRD pattern of the product of SiO2 + Mg3N2 + Li3N + Li2O + 
Ca3N2 + Tb4O7 initiated by an oxy-methane torch and heated for approximately 25 
seconds (overlaid with the JCPDS diffraction pattern number 01-072-2000 for 
hexagonal TbSi2).  The reaction SiO2 + Mg3N2 + Li3N (w/ Li2O impurities) + Ca3N2 + 
Tb4O7 produced a similar pattern when heated between a range of 40-90 seconds. The 
remaining peaks match with the JCPDS diffraction pattern number 00-017-0901 for 
cubic silicon. 
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Figure 7–2.  Powder XRD pattern of the product of CaSi2 + Tb4O7 reacted by 
mechanochemical initiation in a ball mill (overlaid with the JCPDS diffraction pattern 
number 00-013-0383 for orthorhombic TbSi2).  The remaining peaks match with the 
JCPDS diffraction pattern number 01-078-2500 for cubic silicon. 
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Figure 7–3.  Powder XRD pattern of the product of CaSi + Tb4O7 initiated by an oxy-
methane torch (overlaid with the JCPDS diffraction pattern number 01-072-2000 for 
TbSi2). The reaction was unsuccessful in producing TbSi2.  The product corresponds 
to calcium silicate (Ca2SiO4) and unreacted CaSi. 

 The mixture of CaSi2 + Mg2Si +Tb4O7 (Equation 7-3) was also initiated by a 

torch successfully produced hexagonal TbSi2.  Samples were heated for 

approximately 40 seconds.  A salt balanced reaction with a CaSi2:Mg2Si ratio of 1:2 

produced the highest purity TbSi2.  The XRD of the 1:2 CaSi2:Mg2Si (Figure 7-4) 

shows a highly crystalline product with minimal silicon impurities. 
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Figure 7–4.  Powder XRD pattern of the product of CaSi2 + MgSi2 + Tb4O7 initiated 
by an oxy-methane torch and heated for 40 seconds (overlaid with the JCPDS 
diffraction pattern number 01-072-2000 for hexagonal TbSi2). The remaining peaks 
match with the JCPDS diffraction pattern numbers 00-017-0901 and 03-065-0387 for 
cubic silicon and silicon dioxide, respectively. 

 Solid-state metathesis reactions have been shown to be an efficient route to 

the production of both the orthorhombic and the hexagonal phases of TbSi2.  The 

orthorhombic phase can be efficiently produced on large scales by mechanochemical 

initiation in a ball mill.  A highly crystalline hexagonal phase can be produced by 

torch initiation.  This is the first report of TbSi2 production by solid-state metathesis 

reactions. 

Future Work 

Further optimization of the torch-initiated reactions could result in products of 

higher purity and crystallinity.  The mechanochemical reaction could be optimized to 

produced higher purity orthorhombic TbSi2 on a large scale. 
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With the discovery of SSM routes to TbSi2, detailed characterization is needed 

to verify the properties of the material.  The electrical and magnetic measurements 

should be conducted on the metathesis-produced products and compared to literature 

values.  The materials should be characterized by SQUID (Superconducting Quantum 

Interference Device) magnetometry.  The thermoelectric properties should also be 

examined.  The differences between the orthorhombic and hexagonal phases of TbSi2 

are poorly defined in the literature.  It would be worthwhile to investigate the 

properties of the alternate lattice structures. 

 Other rare earth disilicides have similar potential applications to TbSi2.5  By 

replacing Tb4O7 in Equations 7-1 and 7-2 with other rare earth oxides, it may be 

possible to produce a variety of rare earth disilicides. 

 

Silicon Nitride 

Further research is needed to determine optimum annealing times and possible 

multiple intermediates.  Use of this material for the formation of green bodies and 

subsequent conversion to silicon nitride would facilitate study of the mechanical 

properties of ceramics derived from this unique precursor. 

References 

 
(1) Jeong, H., S.-Y. Seo, and J.H. Shin, Excitation mechanism of visible, Tb3+ 

photoluminescence from Tb-doped silicon oxynitride. Applied Physics Letters, 

2006. 88(16): p. 1910-1912. 



 

 109 

(2) Perri, J.A., I. Binder, and B. Post, Rare earth metal disilicides. Journal of 

Physical Chemistry, 1959. 63: p. 616-619. 

(3) Sekizawa, K. and K. Yasukochi, Antiferromagnetism of disilicides of heavy 

rare earth metals. Journal of the Physical Society of Japan, 1966. 21: p. 274-

278. 

(4) Knapp, J.A. and S.T. Picraux, Epitaxial growth of rare-earth silicides on 

(111) silicon. Applied Physics Letters, 1986. 48: p. 466-468. 

(5) Pierre, J., E. Siaud, and D. Frachon, Magnetic properties of rare earth 

disilicides RSi2. Journal of the Less-Common Metals, 1988. 139: p. 321-329. 

(6) Labroo, S. and N. Ali, Magnetism of rare-earth disilicides. Journal of Applied 

Physics, 1990. 67: p. 4811-4813. 

(7) Sagnes, I., Y. Campidelli, and P.A. Badoz, The Ir/Si/ErSi2 tunable infrared 

photoemission sensor. Journal of Electronic Materials, 1994. 23: p. 497-501. 

(8) Properties of Metal Silicides, in EMIS Datareview, K. Maex and M. Van 

Rossum, Editors. 1995. 

(9) Anderson, A.J., R.G. Blair, S.M. Hick, and R.B. Kaner, Metathesis routes to 

binary and ternary silicon nitrides. Abstracts of Papers, 229th ACS National 

Meeting, San Diego, CA, United States, March 13-17, 2005, 2005: p. INOR-

586. 

(10) Blair, R.G., A. Anderson, and R.B. Kaner, A Solid-State Metathesis Route to 

MgSiN2. Chemistry of Materials, 2005. 17(8): p. 2155-2161. 



 

 110 

(11) Rodriguez, M.A., The Synthesis of Refractory Carbides, Rare Earth Silicides, 

Metal Nitrides, and Nanocrystalline Silicon through Rapid Solid State 

Metathesis, in Chemistry & Biochemistry. 2008, University of California Los 

Angeles: Los Angeles, CA. p. 82. 

(12) Nartowski, A.M. and I.P. Parkin, Solid state metathesis synthesis of metal 

silicides; reactions of calcium and magnesium silicide with metal oxides. 

Polyhedron, 2002. 21: p. 187-191. 

 

 


	Title Page
	Abstract
	Approval Page
	Dedication
	Table of Contents
	List of Figures
	List of Tables
	Acknowledgements
	Vita
	Publications and Presentations

	Chapter 1: Introduction to AlternativeSolid-State Synthesis
	References

	Chapter 2: Microwave Initiated Solid-StateMetathesis Routes to Li2SiN2
	Summary
	Introduction
	Experimental
	Reagents
	Synthesis
	Characterization

	Results and Discussion
	Conclusions
	Acknowledgments
	References

	Chapter 3: Synthesis and Crystal Structureof Cubic Ca16Si17N34
	Summary
	Introduction
	Experimental
	Reagents
	Single Crystal Synthesis
	Powder Synthesis
	Refractive Index
	Characterization

	Results
	Discussion
	Conclusions
	Acknowledgements
	Supporting Information
	References

	Chapter 4: Synthesis of Si3N4 via aPolysilazane Intermediate
	Introduction
	Experimental
	Chemicals
	Method
	Characterization

	Results
	Discussion
	Conclusions
	References

	Chapter 5: Luminescence in TernarySilicon Nitrides
	Introduction
	Experimental
	Chemicals
	Synthesis
	LiSi2N3 Phosphor Synthesis
	MgSiN2 Phosphor Synthesis
	XRD Analysis
	Luminescence

	Results and Discussion
	Fluorescence

	Conclusions
	References

	Chapter 6: Solid-State Metathesis Routes toRefractory Carbides
	Introduction
	Experimental
	Chemicals
	Synthetic Preparation
	Torch Synthesis
	Microwave Synthesis
	XRD Analysis

	Results
	Quantitative Analysis of Calcium Carbide (CaC2) for Carbon and Calcium Content
	Thermoelectric Composite

	Discussion
	Conclusions
	References

	Chapter 7: Future Work
	Introduction
	Calcium Silicon Nitride
	Refractive Carbides
	Luminescence in Ternary Nitrides
	Terbium Silicide
	Experimental
	Results
	Future Work

	Silicon Nitride
	References




