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Abstract 

This dissertation presents three examples of how laser pyrolysis synthesis can be used to 

develop new nanomaterials for energy applications. In the first chapter, we will discuss synthesis, 

characterization and application of boron nanoparticles for on-demand hydrogen generation 

application. In the second chapter, we will discuss synthesis, characterization and application of 

silicon nanoparticles for lithium-ion battery applications. In the third chapter, we will discuss 

synthesis and characterization of boron hyper-doped silicon nanoparticles for semiconductor and 

plasmonic applications. 

Boron nanoparticles (BNPs) are ofgreat interest for applications such as neutron capture 

therapy of cancer cells, hydrogen generation from water, and high energy density fuels. Boron 

is particularly interesting for chemical water splitting, because of its high gravimetric hydrogen 

generation potential of 277 g H2 per kg B. However, only a few studies of water splitting by 

reaction with boron are available, and those have used high temperature steam with external 

heating. Room-temperature boron hydrolysis is of great interest from both scientific and 

practical perspectives. The studies presented in chapter I demonstrate that high purity 

amorphous BNPs can be oxidized by water to produce hydrogen at room temperature, without 

external energy input, in the presence of catalytic quantities of an alkali metal or alkali metal 

hydride. The BNPs are produced in a single step gas phase process via CO2 laser-induced 

pyrolysis ofmixtures ofB2H6 and SF6. The BNPs are spherical with a primary particle diameter 

of 10-15 nm, narrow size distribution, and specific surface area exceeding 250 m2g-1
. This first 

demonstration of room-temperature chemical splitting of liquid water using boron opens up 

exciting new possibilities for on-demand hydrogen generation at high gravimetric capacity. 
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Electronic properties of silicon, the most important semiconductor material, are 

controlled through doping. The range of achievable properties can be extended by hyperdoping, 

i.e. doping to concentrations beyond the nominal equilibrium solubility of the dopant. In chapter 

II, hyperdoping was achieved in a laser pyrolysis reactor capable of providing non-equilibrium 

conditions, where doping is governed by kinetics rather than thermodynamics. The boron atom 

distribution in the hyperdoped nanoparticles is relatively uniform. The hyperdoped 

nanoparticles demonstrate tunable localized surface plasmon resonance (LSPR) and are stable 

in air for periods of at least one year. The hyperdoped nanoparticles are also stable upon 

annealing at temperatures up to 600°C. Furthermore, boron hyperdoping did not change the 

diamond cubic crystal structure of silicon, as demonstrated in detail by high flux synchrotron 

X-ray diffraction and pair distribution function (PDF) analysis. 

Silicon is one of the best anode materials for lithium-ion batteries. Its theoretical 

gravimetric capacity is more than ten times that of graphite. However, practical use of silicon 

as an anode material has been limited by very poor cycling performance due to mechanical 

failure and pulverization. Nano-sized structures can accommodate significantly greater stress 

and strain without fracturing, compared with bulk silicon. Furthermore, nanoscale silicon 

increases the surface area accessible to the electrolyte while decreasing electronic and ionic 

transport distances, improving rate capabilities. However, limited electrical conductivity and 

disruption of the solid electrolyte interface (SEI) layer can severely limit the performance of 

even nanostructured silicon electrodes. One strategy to eliminate these effects is to encapsulate 

silicon within structures that can accommodate silicon volume changes during lithiation and 

delithiation. While such "yolk-shell" and "pomegranate" type structures have been 

demonstrated, and have shown promise, urgent needs remain for improved performance, which 
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1s achievable by usmg smaller silicon structures. In chapter III, we synthesized silicon 

nanoparticles with the primary size of 30 nm via laser-induced pyrolysis of silane. We then 

employed a combination of wet chemistry and gas phase processes to encapsulate these silicon 

nanoparticles within a network of graphene-type carbon shells, with void space surrounding 

each silicon nanoparticle. The carbon coating provides electrical conductivity and may promote 

formation of a stable SEI layer, while the void spaces within the nanocomposite structure 

accommodate volume changes during lithiation and delithiation. We compare their performance 

to that of similar structures prepared using larger silicon particles ( ~ 100 nm) and to anodes 

prepared without a void space. In this study, we demonstrate that the 30 nm silicon nanoparticles 

perform much better than the 100 nm silicon nanoparticles, and attribute this improved 

performance to shorter electronic and ionic transport distances in the smaller nanoparticles. 
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Introduction 

The field of nanotechnology has attracted enormous attention in the past four decades due 

to extraordinary chemical, physical, and biological properties that can be achieved through control 

of material structures at nanometer length scales. Nanotechnology provides a bridge between 

atomic or molecular structures and bulk matter. An inorganic nanomaterial is defined as a material 

with size from 1 to 100 nanometers in at least one dimension. Unlike a bulk-sized material, a nano

sized material can have size-dependent properties arising from high surface area to volume ratio 

or from transitions in behavior as material size becomes smaller than characteristic length scales, 

such as the wavelength oflight interacting with the structure, a minimum domain size in magnetic 

materials, or the Bohr radius of an exciton in a semiconductor. If the nano-sized material has a 

spherical morphology, then it is referred as a nanoparticle. Sometimes several nanoparticles 

physically attach by van der waals forces to form a nanocluster or agglomerate. The unique 

properties that can be developed by nanoparticles and their potential to solve world-class problems 

lead to a critical question of "how to synthesize nanoparticles?". 

Over many years, several methods have been investigated to synthesize nanoparticles such 

as gas condensation, attrition, chemical precipitation, ion implantation, hydrothermal synthesis, 

and pyrolysis. These methods are either based on solution (liquid) phase synthesis or vapor (gas) 

phase synthesis. Solution phase synthesis is highly regarded as a method to produce novel and 

complicated morphologies with unique properties. However, in most cases, the unit price of the 

nanomaterial is so high that it is impossible to use the developed nanomaterial for practical 

applications. On the other hand, vapor phase synthesis methods have more potential for practical 

applications due to their potential for continuous operation and scalability. In the vapor phase 
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methods, the vapor becomes thermodynamically unstable and forms a supersaturated state. At 

sufficient supersaturation degree, nucleation occurs to form pnmary particles. 

Thermodynamically, it is favorable for the supersaturated vapor to condense on the primary 

particles and grow them. However, the growth must be stopped at some point by slowing the 

kinetics in order to produce nano-sized particles. In practice, these particle nucleation and growth 

processes often involve complex sequences of chemical reactions, rather than simple condensation 

of a vapor, but the overall situation is the same. Conditions are reached, usually through rapid 

heating, in which the gas-phase precursor molecules are thermodynamically unstable relative to 

formation of solid product particles and gas-phase byproducts. 

Laser pyrolysis is a vapor phase synthesis process that uses laser energy to produce a 

supersaturated state of precursors. Highly intense laser energy and rapid cooling are the 

fundamentals of this method. The localized laser energy produces a high temperature 

supersaturated state, which leads to the formation of spherical nanoparticles. The rapid cooling 

process stops the kinetics of particle growth in milliseconds. If the vapor phase consists of more 

than one precursor, then the rapid cooling process may freeze the atoms in their thermodynamically 

non-equilibrium position leading to a homogeneous atomic distribution of the involved elements. 

This feature is highly beneficial in the synthesis of alloyed and hyper-doped nanoparticles. 

In this dissertation, I present the synthesis of elemental boron and silicon nanoparticles by 

laser pyrolysis method and demonstrate their extraordinary properties for energy storage 

applications. Furthermore, I present the synthesis of boron hyperdoped silicon nanoparticles with 

highly stable and unique plasmonic properties, which demonstrates the potential of the laser 

pyrolysis method to synthesize nanomaterials with unique compositions and properties. Here, I 

2 



briefly introduce the motivation for each of these studies. Each of the following three chapters is 

then a self-contained description of one of these three studies. 

Boron and its compounds have attracted extensive attention due to their structural 

complexities, unique properties, and wide range of existing and potential applications. With 

respect to mechanical properties, boron is a hard and lightweight material with thermo-stabilizing 

2capabilities, and is a component of boron nitride and other ultra-hard materials. 1
- In 

microelectronics, boron is widely used asap-type dopant in silicon, as well as in superconducting 

devices and neutron detectors.3
-
7 The chemical properties ofboron make it useful as a high-energy 

component in solid fuels and propellants. Its energy density (gravimetric heat of combustion) of 

59 kJ/g, is substantially higher than those of conventional liquid hydrocarbon fuels like gasoline 

and diesel (- 46 kJ/g) and other solid energetic materials, including aluminum (31.0 kJ/g).8
-
10 In 

medicine, boron neutron capture therapy (BNCT), a noninvasive cancer treatment using boron-I 0, 

is another important application. 11 Furthermore, boron has the highest gravimetric hydrogen 

production potential among inorganic solids that can be used for chemical splitting ofwater, up to 

277 g H2/kg B. For comparison, silicon, aluminum, and sodium hydride have gravimetric hydrogen 

production potentials of 142, 111, and 98 g H2/kg, respectively. Thus, boron is very interesting for 

on demand production of hydrogen by reaction with water. Achieving the potential of boron for 

reaction with water to generate hydrogen requires overcoming its inherently low reactivity; despite 

a strong thermodynamic driving force, the reaction ofboron with water is kinetically unfavorable, 

and only occurs at high temperatures. Thus, we were interested in exploring the potential of 

nanostructured boron to achieve higher reactivity with water at milder conditions - preferably 

initiating reaction at or below room temperature. 
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Silicon, the second most abundant element in the earth's crust, has a wide variety of 

applications in electronics, optoelectronics, photovoltaics, energy storage and bioimaging. 12
-
16 In 

order to tune specific properties such as electrical conductivity, silicon must be doped with other 

elements. Among all the possible dopant elements, boron is of particular interest because it is the 

most common p-type dopant for silicon, and is the only acceptor with sufficient solubility for 

applications requiring extremely high dopant concentrations. 17 The band gap and Fermi energy 

level are tuned by varying the dopant level to achieve specific electronic and optical properties for 

applications such as photovoltaics, phototransistors, and plasmonic devices ( e.g. sensors based on 

shifts in plasmon resonance energy). 15
• 

18
-
20 However, conventional doping is limited by the solid 

solubility limit of the dopant. Hyperdoping involves incorporation of dopants at concentrations 

beyond their equilibrium solubility levels, producing a metastable material with properties not 

otherwise achievable. Hyperdoping of silicon nanoparticles with boron is of particular interest for 

achieving high enough free carrier concentrations in the nanoparticles for them to exhibit 

plasmonic behavior, which is more characteristic of metals. This, in tum, drives our interest in 

employing the strongly non-equilibrium conditions ofthe laser pyrolysis process to produce boron

hyperdoped silicon nanoparticles and to characterize their structure and properties in detail. 

Over the last twenty years, enormous research has been conducted to improve rechargeable 

energy storage technologies with high energy density to benefit applications from portable 

electronics to electric cars to grid-scale energy storage. Lithium-ion batteries (LIBs) have emerged 

as the dominant technology because of their relatively high gravimetric and volumetric energy 

density, which is now combined with improved safety and low manufacturing costs21 
-
22 

• Producing 

even higher energy density LIBs requires higher capacity electrode materials. Silicon, an 

environmentally benign element, has been studied extensively as a potential anode materiai23 
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because of its high theoretical capacity (4200 mAh/g and 9786 mAh/L), high abundance (28% of 

the earth's crust by mass) and mature production technologies. However, introduction of silicon 

as an anode material has not been easy. Its high capacity is accompanied by an enormous volume 

change during battery cycling, which usually leads to rapid performance degradation. Various 

nanostructuring and encapsulation strategies have been proposed to overcome these challenges, 

and we were interested to see whether the use ofhighly uniform silicon produced by laser pyrolysis 

could improve performance in these nanostructured silicon-based composite electrodes. 
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Chapter I: Boron Nanoparticles for Room-

Temperature Hydrogen Generation from Water 

1.1 Introduction 

Hydrogen is an emission-free fuel with high gravimetric energy content (120 kJ/g) that can 

be used efficiently in well-developed polymer electrolyte membrane (PEM) fuel cells. Hydrogen 

generation and storage has attracted considerable attention in the past few years because of 

practical limitations of conventional gas storage methods, such as high-pressure tanks, for 

hydrogen. On-demand generation of hydrogen from water is one means ofproviding hydrogen for 

fuel cells and other uses. The direct thermolysis of water into hydrogen and oxygen requires 

temperatures above 2500 Kand is therefore impractical in most applications.24 Chemical water 

splitting, by reacting water with a metal to produce a metal oxide and release hydrogen, is an 

attractive means of splitting water at much lower temperature. However, the reaction rate of metal 

hydrolysis usually decreases with time because of oxide formation at the surface of the metal 

particles. Thermodynamically, boron has great potential for on-demand hydrogen generation by 

reaction with water. However, boron is generally unreactive with water; it requires either a catalyst 

or very high temperature to react. Several studies of water splitting by reaction with boron, using 

steam at elevated temperature, were published in the past few years. Kinetics of heterogeneous, 

non-catalytic hydrolysis of boron (micron sized, ~44 µm) was investigated over a range of 

temperatures and steam concentrations, demonstrating increased reaction rate with increasing 

temperature (from 500 to 800 °C).25 Although they did not explicitly report the total hydrogen 

produced in each experiment, this quantity can be estimated from their plots of hydrogen flow rate 
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vs. time. For example, 100 mg boron and 0.5 mL/min water generated ~90 mL hydrogen gas in 12 

minutes at 700°C. In another study, amorphous boron hydrolysis at somewhat lower temperatures 

(below 600°C) in an oxygen free environment was investigated.26 For example, 150 mg boron and 

0.13 mL/min water generated ~180 mL hydrogen gas in 12 minutes at ~550°C. Both studies 

reported that the boron hydrolysis reaction is first order with respect to boron and happens in two 

stages. The first stage is a gas-solid reaction, which is fast and exothermic. Boron is oxidized by 

steam and forms an ash layer (boron oxide) on its surface. In the second stage, boron oxide gasifies 

as it forms, producing volatile compounds ( e.g. boric acid), exposing the remaining boron in the 

core to the steam. Because the oxide layer has low permeability, the rate-limiting step is the 

diffusion of steam through the oxide layer, which depends on the steam temperature. If boron 

particles were sufficiently small, reaction time was sufficiently long, or reactor temperature was 

sufficiently high, boron could be fully oxidized and produce more hydrogen. The boron oxide 

product from these reactions can potentially be recovered back to boron using magnesiothermal 

techniques.27 Prior studies have also shown that the reactivity of crystalline boron is significantly 

lower than that of amorphous boron at the same conditions.26 

To date, all published boron hydrolysis studies have used steam at temperatures of at least 

500 °C, which makes the process complex and expensive. Boron hydrolysis of liquid water, 

without external heating or steam generation, is ofgreat interest and would be much more broadly 

applicable for on demand hydrogen generation. This may be possible by producing smaller BNPs 

that have high surface area and that can be fully oxidized before diffusion through their surface 

oxide layer becomes rate-limiting. In general, the reactivity of inorganic nanoparticles is known to 

increase with decreasing particle size. 28 
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1.2. Results and Discussion 

1.2.1. Boron Nanoparticles Characterization 

BNPs were prepared by laser pyrolysis of diborane, as illustrated schematically in figure 

1.1 and described in the Experimental Section below. The size and morphology of the BNPs were 

characterized by TEM imaging, as shown in figure 1.2. Based on these images, and other similar 

ones, the particles are spherical with a primary particle diameter of 10-15 nm. The primary 

particles are significantly aggregated, as expected for products of aerosol synthesis. Nanoparticle 

tracking analysis (NTA, NanoSight) was used to obtain size distribution. The minimum size of the 

particles for this analysis is greater than 10 nm, because they must scatter enough light for the 

instrument to detect their Brownian motion. Because the average size of our boron nanoparticles 

is ~ 15 nm and they are mostly aggregated, size distribution analysis using the N anoSight system 

gave us a good approximation of the hydrodynamic diameter of the aggregates. For a dilute 

dispersion of as-synthesized boron nanoparticles in isopropyl alcohol prepared by sonicating the 

solution for five minutes, the NanoSight gave a mean diameter of 203 nm and a concentration of 

1.5 x109 particles per milliliter. After three hours of bath sonication of the same sample, the mean 

diameter decreased to 108 nm and the concentration correspondingly increased to 2.2x 109 particles 

per milliliter. The graph in figure 1.3 shows the concentration of the particles versus particle size 

after three hours of sonication. As presented in table 1.1, three hours sonication broke up some of 

the aggregates. However, further sonication did not change the size of aggregates significantly. 
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Figure 1.1. Schematic of the six-way cross CO2 laser pyrolysis reactor with a cut-away to show the 

intersection of the laser beam and reactant gas stream, where particle formation occurs. The inset is a 

photograph of the reaction zone in the reactor ( the color of the flame-like reaction zone is orange when 

viewed directly; the white color is due to the spectral sensitivity of the camera). 
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Figure 1.3. Size distribution of aggregates using Nanosight nanoparticle tracking analysis. 

Table 1.1. Results from Nanosight tracking analysis for the as-prepared and three hours sonicated BNPs. 

As Prepared Three Hours Sonication 

Valid Tracks 3670 4885 

Mode (nm) 203 84 

Mean (nm) 203 108 

SD (nm) 94 57 

Concentration (xt08 

14.93 22.27
Particles/mL) 

Using SEM and EDX elemental composition analysis, the purity of the BNPs was shown 

to be at least 92.4 wt. % boron, see figure 1.4. Small but detectable amounts of sulfur and fluorine 
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in the particles are associated with decomposition of the SF6 used as a photosensitizer in the laser 

pyrolysis synthesis. An important limitation of SEM analysis was the exposure of the sample to 

air prior to analysis. The elemental oxygen percentage in the EDX analysis includes possible 

oxidation on the surface of the particles as well as adsorbed water. Powder x-ray diffraction of the 

BNPs employed an airtight N2-filled sample holder. As shown in figure 1.5, the BNPs were 

amorphous. For the conditions at which the NPs form, ~8 psi and ~1600K, amorphous ~-boron is 

the expected phase, so the amorphous nature of the NPs is not surprising.29 To investigate the 

surface chemistry of the BNPs, FTIR spectra were collected, as shown in figure 1.6. The need to 

expose the particles to air is a drawback of this analysis because the BNPs can undergo rapid 

1surface oxidation. FTIR shows peaks associated with B-H stretching near 2550-2280 cm- .
30 An 

intense peak associated with B-OH stretching near 3220 cm-1 and a shoulder associated with B

OH body stretching mode near 3600 cm-1 are also evident. Furthermore, three peaks near 1460, 

1200 and 830 cm-1 are associated with B-O stretching and deformation modes. The surface B-O 

and O-H bonds are attributed to immediate oxidation by oxygen and/or water vapor during sample 

preparation and analysis. However, B-H bonds may be formed during the synthesis process, during 

which hydrogen radicals can be produced by diborane dissociation. Molecular hydrogen is also 

present in the reactor in large excess relative to boron. The BNPs could be stably dispersed in 

water and alcohols and remained well dispersed over time. Figure 1.7 shows dispersions ofBNPs 

in water, ethanol, methanol and isopropyl alcohol after several weeks of storage at ambient 

conditions. This stability in water and alcohols is consistent with the presence of hydroxyl groups 

on the BNP surface after surface oxidation. The BNPs did not form stable colloids in solvents such 

as acetone, chloroform and hexane. BNPs aggregated and precipitated from those solvents within 

a few minutes. 
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Figure 1.4. EDX analysis of the as-synthesized BNPs. 
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Figure 1.5. Powder XRD pattern from the BNPs using an air tight sample holder. The inset is the 

background-subtracted XRD pattern. 
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Figure 1.6. FTIR spectrum of the BNPs. 
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Figure 1.7. Photograph of BNP dispersions in various solvents after long-term storage at ambient 

conditions. 

The specific surface areas of the BNPs and of commercially available boron particles 

( amorphous, 0.4-0.9 µm nominal diameter, Strem Chemicals) were measured by N2 physisorption 
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(BET method) without degassing. The BET surface areas were 255 and 25 m 2/g for the BNPs and 

commercially available boron, respectively. Assuming the BNPs have the same density as bulk 

boron (2.34 g/cm3), this surface area gives an equivalent spherical diameter of 10 nm, which is in 

close agreement with the primary particle size observed in TEM images. The IO-fold higher 

surface area of BNPs compared to commercially available boron potentially allows the BNPs to 

be much more reactive in gas-surface processes. 

To investigate the oxidation of BNPs upon exposure to the atmosphere, we conducted 

powder XRD using a standard sample holder, immediately after the first analysis, which used an 

airtight nitrogen-filled sample holder. Upon air exposure, boron oxide peaks appeared immediately 

in the diffraction pattern. Further air exposure of the sample produced more intense peaks and also 

new peaks as shown in figure 1.8 for the same sample after 20 hours and 10 days of air exposure. 

The peaks are attributed to triclinic B(OH)3, sassolite (PDF Card No. : 00-030-0199). Sassolite is 

a borate with a large number ofboron-containing oxyanions, which can be considered a derivative 

of boric acid. Therefore, we can conclude that upon air exposure, the particles form a thin layer of 

sassolite. Further air exposure leads to diffusion of air through this layer and further oxidation. 

However, as the thickness of the oxide shell increases, the flux of oxygen decreases, limiting the 

oxidation. 
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Figure 1.8. Powder XRD of the air exposed BNPs immediately after exposure to the atmosphere and 

after 20 hours and 10 days of exposure. 

Thermogravimetric analysis (TGA) was conducted for the BNPs and air exposed BNPs 

using a mixture of 50%O2-50%Ar, as shown in figure 1.9. Samples were heated from room 

temperature to 1000°C at a heating rate of 10 K/min and then held at 1000°C for an hour. Less air 

exposure time, prior to the TGA, led to more oxidation and more mass gain during TGA because 

more boron remained to be oxidized during TGA. A sharp mass gain was observed at 494 °C (near 

the melting point of B2O3) for the as prepared BNPs, as also shown in the derivative 
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thermogravimetric curve in the inset of figure 1.9. The mass gain results from boron oxide 

formation. Below and above this temperature, the mass gain is much slower. Also, only ~3% mass 

gain occurs in the isothermal section in an hour. Based on the figure 1.9, the TGA curve can be 

divided into three stages. In the first stage (room temperature to ~ 150°C), BNPs are non-reactive 

because of immediate formation of a thin layer of boron oxide/suboxide/hydroxide that prevents 

0 2 diffusion. In the second stage (~ 150 to 497°C), oxidation begins followed by a sharp mass gain 

when the boron oxide layer melts and the 0 2 diffusion rate is dramatically accelerated. In the third 

stage ( 497 to 1000°C), although mass gain continues, the rate ofmass gain decreases because more 

boron oxide forms (presumably in liquid phase), which decreases 0 2 diffusion. If we could 

continue to increase the temperature to around 1860°C, where boron oxide evaporates, further 

oxidation would occur. The commercial boron sample behaved the same in TGA, but the three 

stages happened at different temperatures (room temperature to ~400°C, 400-726°C and 726-

10000C, figure 1.10). Melting point depression in the BNPs, a well-established phenomenon in 

nanomaterials,31 and the presence of different boron oxide crystalline phases on the surface of the 

commercial boron (figure 1.17) contribute to a higher onset temperature for rapid oxidation in the 

commercial boron powder, compared to the BNPs. The theoretical mass gain for complete 

conversion of boron to boron oxide (322% for B + '!..02 ➔ !..B2 0 3 ) was not achieved in the 
4 2 

temperature range of this study mainly due to oxidation of the sample prior to the analysis and also 

encapsulation of some residual boron in liquid boron oxide in the TGA pan, which inhibits further 

oxidation of the material. The maximum temperature attainable in the TGA (1000 °C) is not high 

enough to evaporate B20 3 (boiling point= 1860 °C). For the as synthesized BNPs, the mass gain 

reached ~267% at 1000°C. For BNPs that had been exposed to air for 2.5 months, the mass gain 

reached 191 % at 1000°C, significantly less than the as synthesized BNPs, because some of the 
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boron was converted to boron oxide before the analysis. Increasing the air exposure time leads to 

a slight increase of the onset temperature for rapid oxidation. To further investigate the oxidation 

reactions, we carried out TGA of the BNPs using different heating rates. Figure 1.11 shows the 

TGA of the BNPs with different heating rates of 1, 5, 10, 15, 16, 17, 18, 20, 40 and 50 K/min under 

50%O2-50%Ar from room temperature to 1000 ° C followed by 1 hour at 1000 ° C. Derivative 

thermogravimetric curves are presented in figure 1.12. For the fast heating rates, the rapid 

oxidation phase started sooner and at much lower temperature (~125-135°C) than at slower heating 

rates. The threshold heating rate for this transition from low-temperature to high-temperature 

ignition was 18 K/min. Furthermore, another jump in mass gain is visible for higher heating rates 

at a ~500°C. The rapid oxidation near 500°C occurs when the boron oxide shell, formed by slow 

oxidation at lower temperatures, melts. This exposes elemental boron (in the core) to oxygen which 

produces rapid oxidation and mass gain. For higher heating rates, this rapid oxidation, which is 

essentially an ignition event, occurs without formation of a protective oxide shell, at much lower 

temperatures. At slower heating rates, we believe a sufficiently thick oxide shell grows, before 

reaching the ignition temperature, to prevent this low-temperature ignition. In summary, figure 

1.13 presents TGA of BNPs using heating rates of 5, 10, 15, 20, 40 and 50 K/min. In this graph, 

the X axis of the original TGA graph (figure 1.11) has been modified to display t/J(minxK/min, 

timexheating rate = setpoint temperature) instead of the actual temperature. By doing so, we 

eliminate the effect of the temperature excursions that occur upon ignition. Also, we can confirm 

that ignition occurs at one low temperature for high heating rates and another higher temperature 

for slow heating rates. For better observation, a zoomed in graph of the ignition events 

(temperature vs. time) is presented in the inset of figure 1.12. According to the figures, at a certain 

temperature (but different time), a jump in temperature occurs. This jump in temperature is around 
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C 

150°C and 490°C for the fast and slow heating rates, respectively. After this ignition event, the 

TGA instrument decreases the temperature to follow the programmed linear temperature profile. 

Therefore, we can conclude that faster heating rates lead not only to sharper mass gain at much 

lower onset temperature of oxidation reaction, but also to a greater extent of oxidation upon 

reaching a given temperature. Figure 1.14 shows the TGA of as-synthesized BNPs at 10 K/min 

heating rate under ultra-high purity (UHP) He and N2. According to this analysis, some oxidation 

still happens under UHP N2 probably because there is still some oxygen in the carrier gas. 

However, much less weight gain occurred in TGA under UHP He. The oxidation process is very 

complex and detailed understanding of it would require an additional comprehensive study. 
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Figure 1.9. TGA of the as synthesized and air exposed BNPs with 10 K/min heating rate, under 50%0i-

50%Ar carrier gas. The inset is the derivative thermogravimetric curve for the BNPs. 
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Figure 1.10. TGA-DTG of the BNPs and commercial boron using 10 K/min heating rate under 

50%Oi-50%Ar. 

21 



-----
280 

260 -----
240 

220 

~200-C: 

~ 180 
II) 
II) 

~ 160 

140 

120 

A 

A 

B 

- 1K/min 

---• 5K/min 

- 10K/min 

---· 15K/min 

- 16K/min 

---• 17K/min 

- 18K/min 

---· 20K/min 

- 40K/min 

---· 50K/min 

100 

80 
0 100 200 300 400 500 600 

Temperature (°C) 

Figure 1.11. TGA of the BNPs with different heating rates. 

700 800 900 1000 1100 

22 



200 

I'\ 20 - 1K/minI \ 
180 

160 

140 

120 

-"O
j 100 
"O 

80 

I 
I 
I 

\ 
\ 
\ 
\ 
\ 
\ 
\ 

' ' ' ' ' ' ' ' ' ' ' ' 

~ 
I 
I 
I 
I 
I I 

' I ' 

16 

12 

8 

4 

0 
400 500 

I 
I 
II 
II 
II 
II 
II 
II 
II 
I I 
I I 
I I 

600 

---•5K/min 

- 10K/min 

---• 15K/min 

- 16K/min 

---• 17K/min 

- 18K/min 

---• 20K/min 

- 40K/min 

---•50K/min 

60 

40 

20 

' ' I ' I 
I 

!\ 
\ 

0 
0 100 200 300 400 500 600 

Temperature ('C) 

Figure 1.12. Derivative thermogravimetric curve of figure 1.11. 
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Figure 1.13. TGA of the BNPs with 5, 10, 15, 20, 40, and 50 K/min heating rates. The inset shows 

representative temperature vs. time graphs for slow heating rates ( curve A, 10 K/min) and fast heating 

rates ( curve B, 40 K/min). 
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Figure 1.14. TGA of the as-synthesized BNPs using 10 K/min heating rate under UHP He and N2. 

X-ray photoelectron spectra were collected with both low and high-resolution scans for the 

as synthesized and air exposed BNPs. Binding energies were referenced to the adventitious C 1 s 

peak at 284.8 eV. The XPS peaks were fitted to Gaussian-Lorentzian type functions and the area 

under each component was calculated. Figure 1.15 show the B 1 s core level spectra for as 

synthesized, 1 hour, 1 month, and 4 month air exposed BNPs, respectively. According to the 

binding energies provided in table 1.2, the BNPs have a large component at 188.0 eV associated 

with elemental boron (B0
) and a small component at 189.2 eV associated with a suboxide. ~-B has 

been reported to have a B ls core level peak at 187.3 ± 0.9 eV. However, there are other studies 

that reported the B ls core level peak at 188.0 eV.32 The peak shift is attributed to surface charging 

and band bending. These conditions change the fermi level energy ( total chemical potential of 
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electrons) and hence, the valence band maximum. Ong et al. found that a polished and sputter

cleaned ~r-B sample has a B ls peak at 187.9 eV and 0.7 eV fermi level energy, which gave a 

reference value of 187.2 eV.33 According to this reference value, we can conclude that our BNPs 

have a fermi level energy of ~0.8 eV. 

Exposing the BNPs to air for 1 hour at room temperature, we expected to see evidence of 

the B3 
+ oxidation state. Instead, the main peak broadened, intensity decreased and another suboxide 

at a higher binding energy (190.4 e V) started to appear. Further air exposure of the BNPs for 1 

month still did not show evidence of B3 
+ associated with formation of boron oxide. However, the 

4 month air exposed sample showed a peak at 193.5 eV associated with B3 
+ and other suboxides 

in the main peak. According to the peak areas calculated for each component, presented in table 

1.2, we conclude that increasing the air exposure time leads to conversion ofmore elemental boron 

to boron suboxides on the surface. Thermodynamically, boron oxide (B31 formation is favorable 

(835 .96 kJ/mol), but the slow oxidation suggests a kinetic barrier to oxidation at room temperature. 

The kinetic barrier is associated with oxygen diffusion through the surface oxide layer which has 

low permeability. As we expose the particles to air, the oxide layer becomes thicker and the oxygen 

flux becomes smaller and smaller. Based on this observation, we can conclude that the BNPs 

produced in our reactor system are reasonably air stable at room temperature for at least a month. 

Even the 4 month air exposed BNP sample had less boron oxide and suboxides than the 

commercially available boron, which is perhaps surprising given the much larger surface area 

available for surface oxidation of the BNPs. Nonetheless, this relatively good air stability is 

advantageous in applications. Quantitative analysis results for the surface atomic composition of 

the samples are presented in table 1.3 including C 1s, which includes a contribution from the 

carbon-based double-sided tape used to mount the powder on the sample holder. The atomic 
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composition of the samples also implies that air exposure increases oxygen content and decreases 

elemental boron in the sample, yet the oxygen content remains lower than that of the commercially 

available boron powder. It is important to note that XPS is only sensitive to the top ~ 8-10 nm of 

the sample. Thus, it may nearly sample the entirely of the BNPs, but only samples a thin surface 

layer of the commercial powder. Even for the BNPs, because the primary particles are aggregated, 

XPS will selectively analyze primary particles near the outer perimeter of aggregates, rather than 

those near the center of aggregates. XPS survey spectra of BNPs is provided in figure 1.16. 

Table 1.2. Binding energies and their populations(% area) of the as synthesized and air exposed BNPs 

from XPS. The same data for commercial boron particles are presented for comparison. 

Commercial
Air Exposure Duration 

Boron 

0 1 Hour 1 Month 4 Month 

Binding 
Energy 

(eV) 

% 
Area 

Binding 
Energy 

(eV) 

% 
Area 

Binding 
Energy 

(eV) 

% 
Area 

Binding 
Energy 

(eV) 

% 
Area 

Binding 
Energy 

(eV) 

% 
Area 

188.0 81 188.3 79 188.2 77 188.0 68 186.9 62 

189.2 19 189.5 14 189.4 15 189.1 23 188.1 26 

- - 190.4 7 190.4 8 190.4 5 188.6 5 
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Figure 1.15. XPS analysis ofB ls core levels for (A) as synthesized, (B) 1 hour, (C) 1 month and (D) 

4 month air exposed BNPs, respectively. 
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Table 1.3. Surface atomic composition of the as synthesized and air exposed BNPs from XPS. The 

same data for commercial boron particles are presented for comparison. 

Air Exposure Duration Commercial 
Boron1 Hour 1 Month 4 Month 

Bls 79.9 76.7 70.5 61.5 61.3 

Cls 10.9 13.7 17.2 23.5 9.9 

Ols 9.2 9.6 12.3 15.0 28.9 

12000~----~-----~----~-----~----~----~ 
Atomic % 
B1s 73.0 
Cls 15.9 
01s 9 .1 
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Figure 1.16. XPS survey spectrum of the BNPs. 

1.2.2. Commercial Boron Characterization 

Amorphous boron powder (95-97%) of 0.4-0.9 micron nominal diameter was purchased 

from Strem Chemicals. The purchased boron does not have a specific shape or morphology as can 

be seen in figure 1.17. Although this material was nominally specified as amorphous, SAED 

showed evidence of crystallinity. XRD in figure 1.18 also shows sharp peaks in the pattern, but 
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these were not readily indexed to any common boron or boron oxide/suboxide/hydroxide phase. 

XPS analysis in figure 1.19 shows that the commercially available boron was somewhat surface 

oxidized, showing significant evidence of the B3+ oxidation state as well as sub-oxides. 

Figure 1.17. A-C) TEM images of commercial boron. D) SAED of commercial boron. 
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Figure 1.18. Powder XRD pattern of commercial boron. 
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Figure 1.19. XPS analysis of B ls core levels for commercial boron. The peak near 186.9 eV is from 

elemental boron. The peaks near 188.1 and 188.6 eV are representative of boron suboxides. The peak 

near 192.2 eV is from the B3+ oxidation state. 
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1.2.3. Boron Hydrolysis 

Alkali metals, metal hydrides and metal hydroxides including Li, Na, K, LiH, NaH, MgH2, 

LiOH, NaOH and KOH were tested as activators for the reaction ofBNPs with water, but only Li, 

Na, K, and NaH activated the reaction. For those materials, the hydrogen generation was 

effectively instantaneous, reaching completion within ~ 1 s of water injection into the reaction 

vessel. The large exothermicity ofthe reactions makes the process effectively autocatalytic. Figure 

1.20 shows hydrogen generation versus BNP mass using 1 mmol of activator and 2 mL water. 

Among these catalysts, NaH clearly produces the highest hydrogen generation for a fixed amount 

of BNPs. The following reactions are the most probable overall reactions during hydrogen 

generation: 

Bes) + 3 H2OeL) ~ B(OH)Jeaq) + 1.5 H2eg) K298.1s = 3.21xl042 (1) 

Bes) + 0.5 H2OeL) ~ B2O3es) + 1.5 H2eg) K298.1s=1.69x 1012 (2) 

NaHes) + H2OeL) ~ NaOHeaq) +H2eg) K298.1s = 1.27x 1013 (3) 

Boron hydrolysis and boron combustion reactions behave similarly in terms of reaction 

rates and chemical components. Figure 1.21 also presents hydrogen generation versus time for 

hydrolysis of 32 mg BNPs mixed with 1 mmol of each activator. Figure 1.22 shows hydrogen 

generation from water using different amounts ofBNPs activated by NaH. In this figure 0.5, 1 and 

2 mmol of NaH were used as a catalyst. Theoretical amounts of hydrogen generation from the 

stoichiometry of reactions 1 and 2 are also presented for comparison. Increasing the amount of 

NaH increased the hydrogen generation for a given amount of BNPs, but the total hydrogen 

generated remained below the stoichiometric quantity that would correspond to complete oxidation 

ofboron by water. The value reported for BNP hydrolysis is the sum of hydrogen generation from 

NaH and BNP hydrolysis. Hydrogen generation at zero amount of BNPs represents NaH 
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hydrolysis. The figure clearly shows that increasing the amount of BNPs increases the hydrogen 

generated at a constant amount of the activator, and that the hydrogen generated from boron 

oxidation can vastly exceed that generated by the activator alone. This shows that NaH participates 

in a catalytic role, not as a stoichiometric reagent in the process. However, total hydrogen 

production from boron is not unlimited, because the amount of DI water and catalyst added to the 

system is constant. For the highest quantities of BNPs used (270 mg) approximately 1.4 mL of 

water would be required for reactions (1) and (3) to go to completion, so water remains in excess 

but the excess water may not be sufficient to fully wet all of the boron powder. While the volume 

of the BNP depends on details of its loading and packing into the reactor, for the largest boron 

quantities used here, the total volume of void space between the dry particles far exceeds 2 mL. 

For comparison, three boron hydrolysis experiments have been conducted using 100 mg BNPs 

mixed with 1 mmol NaH and 0.5, 1, and 2 mL DI water injected to the reaction vessel. In the case 

where 0.5 mL water was added, only 90 mL hydrogen was generated. However, in cases where 

we added 1 and 2 mL water, equal amounts of~235 mL hydrogen generated. Depending upon the 

details ofpowder loading, the minimum amount ofneeded water to fully wet the powder will vary. 

Scatter in the data shown in these plots has simple practical origins; accurately weighing and 

consistently loading the BNPs into the hydrolysis reactor in the dry environment of the glove box 

is challenging. A small fraction of the BNPs typically adheres to the sides of the hydrolysis reactor 

and may not participate in the reaction. 
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Table 1.4. Thermodynamic properties ofreactants and products. 
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Figure 1.20. Hydrogen production by BNP hydrolysis using 1 mmol NaH, K, Na or Li as a catalyst. 

Dashed lines are provided to aid visualization of the trends. 
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Figure 1.21. Hydrogen generation versus time for 32mg BNPs mixed with lmmol NaH, K, Na, Li, 

MgH2, or LiH hydrolyzed by 2 mL water. Dashed lines are provided to aid visualization of the trends. 
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Figure 1.22. Hydrogen production from BNP hydrolysis using 0.5, 1 and 2 mmol NaH as a catalyst. 

Dashed lines are provided to aid visualization of the trends. 

The most obvious means by which the alkali metals and metal hydrides can catalyze boron 

hydrolysis is through local heating. The enthalpies of reaction for hydrolysis of NaH, K, Na and 

Li at room temperature are -84, -282, -283 and -342 kJ/mol respectively. Thus, based on the total 

heat release, one would expect Li to be the most effective, and NaH the least effective in thermally 

initiating the boron hydrolysis. However, hydrolysis ofNaH is much faster than hydrolysis ofthese 

other materials, and thus the local heating rate is likely to be highest using NaH. To provide a 

clearer understanding of chemical water splitting using BNPs, we relate this phenomenon to the 

TGA described before. Furthermore, NaH is a salt-like hydride, and the NaH powder used here 

has a surface area much higher than that of the Na metal used here. Because it is a ductile metal, 
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Na is not readily ground or milled into a fine powder. Upon contact with water, the NaH provides 

much higher surface area than Na metal in the reaction. Therefore, surface area of the NaH and 

alkali metals plays an important role in trigging subsequent boron hydrolysis reactions. Because 

of the following two reasons and considering the fact that N aH has much higher surface area than 

Na metal, NaH provides higher local heating rate and thus, activates boron hydrolysis much 

effective than alkali metals. First, upon reaction ofNa and water, steam and hydrogen gas produced 

may form a vapor layer at the contact surface, which physically separates the reactants. Therefore, 

reaction progress slows down dramatically.34 Second, the rapid reaction of alkali metals and water 

is initiated by a massive charging of the surface of the alkali metal with the fast migration of 

electrons into water, which causes a coulomb explosion. The coulomb explosion is the reason for 

explosive behavior of alkali metal and water reactions.35 Therefore, comparing NaH and Na 

hydrolysis, NaH reacts much faster with water than Na, which means NaH releases its exothermic 

heat of reaction with water much faster (has higher local heating rate) than Na. That is, the N aH 

reaction with water provides a high heating rate and Na reaction with water provides a slower 

heating rate. That explains the higher hydrogen generation yields obtained when we used NaH as 

an activator in chemical water splitting using BNPs, compared to when we used slower-reacting 

Na as the activator. However, the reactions with oxygen and with water, though both leading to 

oxidation of boron and thereby potentially producing an oxide barrier on the BNP surface, are 

obviously different. To directly investigate the hydrolysis process, we used a custom-designed 

glass vessel that allowed monitoring of the reaction process using a high-speed camera. High

speed video captured at 21,000 fps and 47.6 µs time resolution (figures 1.23 and 1.24) revealed 

details of the hydrolysis process when water was rapidly added to a dry powder ofNaH and BNPs. 

In one case, the glass vessel contained air, and the hydrogen produced by chemical water splitting 
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ignited. Once the oxygen was consumed, hydrogen generation and steam formation continued. In 

the second video, the glass vessel was sealed so that no ignition occurred. In both cases, the process 

was complete in less than 1 s. To more clearly observe the gas formation, a small lump of BNPs 

coated with NaH was dropped into a cuvette of water (figure 1.25). Bubble formation is clearly 

visible in this video. Furthermore, high-speed video imaging ofNaH and Na reactions with water 

captured at 120 fps and 8.3 ms time resolution (figures 1.26 and 1.27) clearly show that NaH 

hydrolyses much faster than Na. This suggests that hydrolysis reaction rate is more important than 

enthalpy of reaction in determining effectiveness for activating the BNP hydrolysis. 
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Figure 1.23. Mixture of 3 mg BNPs and 6 mg NaH placed in a custom-designed glass vessel. High

speed video captured at 21,000 fps and 47.6 µs time resolution for two sets of experiments. Here, the 

vessel is air/oxygen free. 
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Figure 1.24. Mixture of 3 mg BNPs and 6 mg NaH placed in a custom-designed glass vessel. High

speed video captured at 21,000 fps and 47.6 µs time resolution for two sets of experiments. Here, the 

vessel contains air. 
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Figure 1.25. A lump of BNPs coated with NaH dropped into a cuvette of water. High-speed video 

captured at 21,000 fps and 47.6 µs time resolution. 

Figure 1.26. 1 mmol ofNaH was dropped into a vial ofwater with a crucible. High-speed video captured 

at 120 fps and 8.3 ms time resolution. 
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Figure 1.27. 1 mmol ofNa was dropped into a vial of water with a crucible. High-speed video captured 

at 120 fps and 8.3 ms time resolution. 

Surface oxidation of the BNPs prior to their hydrolysis reduces their hydrogen generation 

potential. The surface layer of oxide, suboxide, and/or hydroxide inhibits boron hydrolysis. This 

same issue affects use of BNPs in combustion and propulsion applications. Therefore, preparing 

and storing BNPs in an air- and moisture-free environment is preferable, and is crucial in some 

applications. Figure 1.28 compares results of hydrolysis of the as synthesized and 1 hour air 

exposed BNPs mixed with 1 mmol NaH. As can be seen from the figure, the air exposed BNPs 

generate less hydrogen compared to the same amount of unexposed BNPs. The boron suboxide 

layers impede boron hydrolysis and decrease the total hydrogen generation by 13-42%, depending 

on the amount ofBNPs used. Therefore, formation of the oxide layer (boron oxide, hydroxides, or 

suboxides) and diffusion of water through the oxide layer limit the complete BNP hydrolysis 

reactions. The by-product of BNP hydrolysis in this system is presumably a form of boric acid, 

which contains a small amount of sodium from the NaH catalyst. A TEM image of the by-product 

is shown in figure 1.29 B. The byproduct particles are deformed and more densely aggregated 
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than the as prepared BNPs. Some of the byproduct may be water soluble, but would precipitate 

upon drying. We performed XRD and XPS on the dried, solid byproduct produced by reacting 162 

mg (15 mmol) BNPs + 48 mg (2 mmol) NaH + 2 mL water, which generated ~390 mL hydrogen 

gas. To prepare the samples for XPS and XRD analysis, we collected the solid byproduct by 

centrifugation, then re-dispersed the solids in methanol and allowed the methanol to evaporate. 

Thus, most of the soluble byproducts (boric acid, sodium hydroxide) are not included in the 

analysis. XPS spectra from the B 1 s core level in figure 1.30 showed that the solid byproduct 

contained unreacted (zero-valent) boron, along with fully oxidized boron (XPS survey spectrum 

is presented in figure 1.31). This is consistent with the production ofless than the full theoretical 

amount of hydrogen from the BNPs. The same approach was used to prepare samples for TEM 

analysis, dropping a dilute methanol dispersion of the collected solids on to a TEM grid. As can 

be seen in figure 1.29 B, the byproduct solids remain in nano-particulate form. This is good 

because it opens up the possibility of regenerating the used material. In comparison to the BNPs 

before reaction (figure 1.29 A) the byproduct particles are somewhat smaller and more aggregated. 

Figure 1.32 compares X-ray diffraction of the BNPs before and after the hydrogen generation 

reaction. The byproduct solution was centrifuged out and a film of the solid material prepared on 

a glass slide and dried overnight in ambient environment for XRD analysis. Interestingly, the solid 

byproduct has a low degree of crystallinity, similar to the as-synthesized BNPs. Again, this is a 

good sign because it opens up an opportunity to regenerate the used material. For this example, 

the pH of the byproduct was 8.27, but this value changes depending on the amount of BNPs and 

NaHused. 
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Figure 1.28. Comparison of BNP hydrolysis of as synthesized and 1 hour air exposed particles with 1 

mmol NaH as a catalyst. 

A 

Figure 1.29. TEM images of the BNPs (A) before and (B) after hydrogen generation reaction. 
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Figure 1.30. High-resolution Bls XPS spectra from the BNPs before and after hydrogen generation 

reactions. 
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Figure 1.31. XPS survey spectrum of the BNPs after hydrogen generation reactions. 
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Figure 1.32. XRD of the BNPs before and after hydrogen generation reaction. 
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Mass spectra of the gaseous (hydrogen) product from BNPs catalyzed by NaH using D2O 

(99.8 at.% D) and H2O are presented in Figure 1.33 (A-B), respectively. After background 

subtraction, the mass spectra show that the gaseous product consists mainly of H2, HD, and D2. 

The substantial quantity ofHD produced by hydrolysis using D2O strongly suggests that hydrogen 

remaining on the surface of the BNPs from their synthesis, as evident in FTIR, contributes to H2 

production during hydrolysis. The HD production cannot be accounted by the small quantity of H 

available from the N aH catalyst. 

Direct application of hydrogen generated by BNP hydrolysis was demonstrated using a 

small 20-membrane stack PEM fuel cell. The hydrogen from the hydrolysis reactor was sent 

through the fuel cell at a constant flow rate of 50 seem controlled by a mass flow controller. The 

four conditions selected for this demonstration were 108 mg BNPs-1 mmol NaH, 108 mg BNPs-

2 mmol NaH, 162 mg BNPs-1 mmol NaH and 162 mg BNPs-2 mmol NaH. For comparison, pure 

hydrogen from a compressed gas cylinder was delivered to the fuel cell at the same flow rate. As 

depicted in figure 1.34 and figure 1.35, the potential and current data collected from the fuel cell 

for boron hydrolysis are very close to those achieved using compressed hydrogen, which indicates 

that the gaseous product from boron hydrolysis is hydrogen and any possible by-products such as 

traces of boric acid do not immediately affect the fuel cell operation. The fact that the hydrogen 

produced form boron is saturated with water vapor can account for the lower potential from the 

fuel cell. 

Energies delivered from the fuel cell and gravimetric capacity for each condition are 

presented in Table 3. In our previous study on hydrogen generation from silicon nanoparticles 

(SiNPs), the energy delivered from 100 mg SiNPs activated by an aqueous solution of 1600 mg 

KOH in 2 mL water and 200 mg SiNPs activated by an aqueous solution of 3200 mg KOH in 2 

47 



mL water were 400 and 600 J respectively. The gravimetric capacity for these two conditions are 

9.804xl0-3 and 4.902xl0-3 kWh/kg material respectively (when the mass of KOH is included). 

Even excluding the mass of KOH, the gravimetric capacity of the SiNPs were just 1.11 and 0.83 

kWh/kg SiNPs. Comparing these values with the energy and gravimetric capacity delivered from 

boron hydrolysis using BNPs catalyzed by NaH shows that the BNPs have substantially higher 

performance than SiNPs. For further comparison, boron hydrolysis experiments were conducted 

with commercial boron using the same catalysts. No hydrogen or other gaseous product was 

detected in any ofthe experiments. Therefore, the nanoscale size and high surface area ofthe BNPs 

are essential to the high activity observed here. Production of BNPs with high surface area using 

laser pyrolysis opens the possibility of on-demand hydrogen production from boron hydrolysis. 
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Figure 1.33. A-B) Mass spectra of the gaseous product ofBNP hydrolysis catalyzed by NaH using D20 

and H20 respectively. The insets are the backgrounds of the analysis, which have been subtracted to 

produce the main plots. 
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Figure 1.34. Plot of voltage measurements collected from a TDM 20 stack fuel cell. 

Table 1.5. Energy and gravimetric capacity measurement from the TDM 20 membrane stack fuel 

cell running by the hydrogen generated by boron hydrolysis (mixtures of BNP and NaH). 

Energy (J) Gravimetric Capacity (KWh/Kg) 

108mgBoron 162 mg Boron 108 mg Boron 162 mg Boron 

1 mmolNaH 1024 1618 2.155 2.416 

2mmolNaH 1444 2371 2.571 3.136 
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Figure 1.35. Plot of current measurements collected from a TDM 20 stack fuel cell. 

1.3. Conclusion 

In conclusion, we have synthesized BNPs in a single step gas phase process via CO2laser

induced pyrolysis of mixtures of B2H6 and SF6. The prepared BNPs are amorphous, oxide free, 

have high purity, and are stably dispersed in water and alcohols. Upon air exposure, boron 

suboxides start to form on the surface, but complete oxidation of boron (to B3l was not evident 

for at least a month, which shows surprisingly good air stability of BNPs at room temperature. 

Unlike commercial boron, the BNPs can split water and generate hydrogen gas at a very high rate 

using alkali metals and NaH as a catalyst at room temperature. We believe the high purity, small 

size, and high surface area per volume of the BNPs is the main reason for this phenomenon. 

Furthermore, one can safely store BNPs because oftheir high ignition temperature even in oxygen 
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rich environments. The high gravimetric hydrogen generation capacity of BNP-NaH mixtures 

takes us closer to the DOE's target on onboard hydrogen storage for light-duty fuel cell vehicles 

(1.8 kWh/kg system for 2020). 

1.4. Experimental Section 

1.4.1. Boron Nanoparticles Synthesis 

CO2 laser induced pyrolysis of reactant gases is a continuous and single step process to 

prepare both pure and alloyed powder nanoparticles.36
-
37 We used CO2 laser-induced pyrolysis of 

diborane to produce BNPs at a rate of~210 mg/h. Production rate depended mainly upon diborane 

concentration in the feed gas stream. Figure 1.1 shows a schematic of the laser pyrolysis reactor. 

A continuous CO2 laser beam (up to 80 W) was used to pyrolyze diborane at the center of a 6-way 

cross reactor. Under typical operating conditions, a stream containing diborane in hydrogen (142 

standard cubic centimeters per minute (seem), 5% diborane in UHP hydrogen, Voltaix LLC; 7.1 

seem diborane) and sulfur hexafluoride (23 seem, SF 6, technical grade), as a photosensitizer, enters 

the reactor through a central inlet positioned just below the laser beam. SF6 absorbs the infrared 

energy of the laser beam and transfers it to diborane molecules by intermolecular collisions. 

Ultrahigh-purity (UHP) hydrogen (606 seem) enters the reactor through a concentric annular inlet 

surrounding the diborane/SF 6 stream. This hydrogen serves as a sheath flow to confine the reacting 

gases, increase the nucleation temperature and decrease the particle growth rate. Because hydrogen 

is a by-product of diborane dissociation and particle formation, it participates in the particle 

formation process; inert gases ( e.g., helium, argon, and nitrogen) do not have the same effect on 

the process. The choice of inert gas for the sheath flow also affects the temperature in the reaction 

zone via the thermal conductivity and heat capacity of the gas. We estimate the temperature of the 
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reaction zone to be between 1400 and 1600°C. Thermodynamically, formation of BNPs from 

diborane is very favorable at these temperatures (B 2 H 6 (g) ➔ 2B(s) + 3Hz(g), K1400 = 

1. 03x1049 , K 1600 = 9. 70x1054). To keep the IR-transparent ZnSe windows (not shown in Fig. 

1) clean, UHP helium (1890 seem) flows into the reactor just below the windows. All gas flow 

rates are set and maintained using mass flow controllers. The unique design of our reactor enables 

synthesis of very small nanoparticles because of its very short residence time. The rapid heating 

by the laser and cooling by the unheated sheath gases occur in a few milliseconds. Thereafter, upon 

leaving the laser beam, the particles aggregate at a reduced temperature that does not allow further 

sintering into larger particles or hard agglomerates. The total pressure in the reactor was ~8 psia 

(55 kPa). Product particles were collected on fibrous filters (Whatman® qualitative filter paper, 

Grade 1, cellulose filters, 11 µm nominal pore size) downstream of the reactor chamber. Most of 

the supplied diborane was converted to BNPs, with the yield of collected BNPs exceeding 50-60% 

of the theoretical yield. The yield can be increased by increasing the laser intensity, or increasing 

the SF6 flow rate to deposit more energy into the system. The exhaust gas from the laser pyrolysis 

reactor is treated in a furnace that decomposes any remaining diborane gas and then passes through 

nanoporous filters before sending the cleaned exhaust gas into the chemical exhaust system. 

However, SF6 is extremely thermally stable and most of the sulfur and fluorine is exhausted in the 

form of SF6. The mean size of the BNPs can be tuned over a relatively modest range by changing 

the laser power, reactor pressure, sheath gas flow rate ( and therefore residence time), and gas 

composition in the laser pyrolysis reactor. We have not explored this in detail for this particular 

system, but have done so for other similar materials.38 A key advantage of diborane gas over other 

boron sources such as boron trichloride is that production of toxic and corrosive chlorine and 

hydrogen chloride byproducts is avoided. In addition, B-Cl bonds are more stable than B-H bonds 
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(bond energies are 456 and 389 kJ/mol, respectively); hence, the temperature required to dissociate 

diborane molecules is lower. The reactor was purged three times with UHP helium before and after 

each run to make sure no oxygen was present in the system. After each run, particles were 

transferred in the sealed filter housing to an oxygen-free environment (nitrogen-filled glove box) 

for collection, characterization, and further use. 

1.4.2. Boron Hydrolysis Experiments 

Boron hydrolysis reactions are thermodynamically favorable, but do not ordinarily occur 

at room temperature. Even decreasing the particle size to the nanoscale does not make boron water

reactive. Thus, we added potential catalysts, based on our experience with on-demand hydrogen 

generation using nano-silicon, where hydrolysis of silicon nanoparticles was catalyzed by alkali 

metal hydroxides. 39 Alkali metal hydroxides can be generated in situ by reaction of alkali metals 

or alkali metal hydrides with water, which also generates additional hydrogen. To accelerate boron 

reactivity with water at room temperature, alkali metals and hydrides were used as potential 

catalysts. All the experiments were carried out in an inert atmosphere (N2) in a custom-designed 

cylindrical vessel (~50 mL internal volume). The BNPs and the catalyst were weighed in a glove 

box, added to the vessel, and connected to an inverted graduated cylinder of water to measure the 

volume ofgas generated. Two mL of DI water (or deuterated water) was used in each experiment. 

In cases where we studied hydrolysis of air-exposed BNPs, we put the particles in a quartz tube 

and flowed dry air from a compressed gas cylinder over them at a rate of 10 standard liters per 

minute (slm). The exposed particles were then collected, weighed, and added to the hydrolysis 

cylinder. The cylinder was evacuated to remove air before returning it to the glovebox. Even when 

53 



the particles had been air-exposed, the catalyst (NaH) was added within the glovebox and was not 

exposed to air. 

1.4.3. Characterization Instruments 

Size and morphology of the synthesized particles were characterized by transmission 

electron microscopy (TEM, JEOL model 2010). The TEM grid was 400-mesh copper with a 

carbon support film. Grids were prepared for imaging by dispersing product particles in isopropyl 

alcohol, dropping the dispersion onto the grid and allowing it to dry in the glove box. ANanoSight 

LMlO Nanoparticle Tracking Analysis system characterized the size distribution of the aggregates 

in solution. Surface morphology and composition were characterized by SEM and EDS using an 

AURIGA CrossBeam® Workstation (FIB-SEM) from Carl Zeiss SMT with an Oxford 

Instruments X-Max® 20 mm2 EDS detector and INCA® software for elemental composition 

determination. Wide-angle powder X-Ray diffraction (XRD, Rigaku Ultima IV X-Ray 

Diffractometer) and selected-area electron diffraction (SAED, JEOL model 2010) were used to 

characterize the crystallinity and crystal phase of the particles. Specific surface area was measured 

using a Tristar 3020 surface area analyzer from Micromeritics. Thermogravimetric analysis was 

done using a NETZSCH TG209 Fl. X-ray photoelectron spectroscopy using a VersaProbe 5000 

by PHI Electronics, INC was employed to characterize the electronic state of elements within the 

material and for elemental composition. All analyses were completed using a monochromated Al 

k-alpha X-ray source (1486 eV) and main chamber pressures were 6.8x10-9 Torr or less. A 

BRUKER VERTEX 70 FT-IR spectrometer was used for IR spectroscopy. A HP model 8452A 

UV-vis photodiode array spectrophotometer was used to acquire the UV-vis spectrum. A 

ThermoFinnigan MAT95XL high resolution magnetic sector mass spectrometer was used to 
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analyze the gases generated by boron hydrolysis. A small fuel cell from TDM fuel cell technology 

with 20 stacked polymer electrolyte membranes was used to demonstrate the electricity generation 

using hydrogen from boron hydrolysis. Pure hydrogen from a compressed gas cylinder was used 

to activate the fuel cell catalysts prior to each experiment. High-speed videos were recorded using 

a Phantom V7.3 color camera from Vision Research. 
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Chapter II: Synthesis and Properties of Boron-

Hyperdoped Silicon Nanoparticles 

2.1 Introduction 

41Boron doped silicon has been synthesized by solid40
- , liquid42

-
43 and gas phase methods 

45 47 56in the form ofbulk material44
, thin films 19

' - , nanowires48
-
51 and freestanding nanoparticles.52

-

Mechanisms of boron doping change with temperature. At relatively low temperatures, doping is 

governed by kinetics, and at higher temperatures, it is governed by the thermodynamic equilibrium 

solubility limit. 57 Conventional doping of bulk silicon occurs under near-equilibrium conditions, 

which means that the dopant concentration is limited by the solid solubility limit at a given 

temperature. However, the ability to dope silicon at concentrations higher than the boron solid

solubility limit (1.2 at. % or 6 x 1020 cm-3), so-called "hyperdoping", could open up a new range 

of interesting properties, such as localized surface plasmon resonance (LSPR),58 and related 

applications. Hyperdoping is a non-equilibrium process that must be carried out under conditions 

where kinetics, not thermodynamics, determine the composition. Ovsyannikov et. al.44 synthesized 

bulk boron-rich silicon crystals with up to 2.4 at. % boron content by a high-pressure high

temperature process using both piston-cylinder apparatuses and multi-anvil presses. The product 

possessed strong Fano-type interference and resonance-like transparency for wavelengths near 2 

µm. In the past few years, several studies have reported synthesis of boron-doped silicon 

nanoparticles in a non-thermal plasma process. Kramer et. al.54 prepared ~8 nm boron-doped 

silicon nanoparticles with different boron concentrations. They did not observe any LSPR for the 

as-produced nanoparticles, presumably because the concentration of electronically active dopants 
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was not sufficiently high. As the nanoparticles oxidized in air, LSPR absorbance peaks appeared. 

This was attributed to elimination of surface defect states by oxide passivation, creating additional 

free charge carriers. Based on these observations, they concluded that boron atoms reside on the 

surface of their silicon nanoparticles. In another study, Zhou et. al. 55 
, 

58 synthesized ~ 13 nm boron 

hyper-doped silicon nanoparticles with boron atomic concentration up to 31 %. Again, no LSPR 

was observed for the as-produced nanoparticles. However, upon air exposure for 330 days, the 

density of defects at the silicon/oxide interface was significantly reduced and LSPR absorbance 

was observed. LSPR was observed in different surrounding media such as benzonitrile, 1,2 

dichlorobenzene, chlorobenzene, and nitrogen, with the expected shifts in LSPR energy with 

changing dielectric constant of the medium. They experimentally showed that boron atoms reside 

in the core of their silicon particles, although a theoretical study suggested that the opposite should 

be true at equilibrium.59 In a separate study, Ni et al. 56 synthesized 2.4, 3.8 and 6.8 nm diameter 

boron hyper-doped silicon nanoparticles with boron atomic concentration up to 60%. The as

produced nanoparticles did not show any LSPR. After 24 hours air exposure, a LSPR absorbance 

peak was observed for 3.8 and 6.8 nm particles. In all these studies, the LSPR energy was tuned 

by varying the boron concentration, oxidation time and surrounding medium. Cante le et. al.60 

performed a detailed ab initio study of the structural and electronic properties of boron-doped 

silicon nanoclusters. They found that the energy required for dopant activation is a decreasing 

function of size, suggesting that generating free carriers in smaller silicon nanoparticles may be 

particularly difficult. Furthermore, due to a very high surface to volume ratio, smaller particles 

have a higher number of surface defects. Therefore, smaller boron-doped silicon nanoparticles are 

not necessarily desirable. 
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Another interesting observation in the literature is that the boron doping is substitutional 

and does not change the diamond cubic crystal structure of silicon.53
' 

55
-
56 This conclusion was 

made mainly based on wide-angle X-ray diffraction and selected area electron diffraction (SAED) 

patterns. However, Bragg diffraction provides limited structural information for weakly scattering 

elements with small atomic form factors like boron. Structural analysis of nanomaterials with 

broad diffuse Bragg profiles using traditional crystallographic methods (i.e. Rietveld refinement) 

is compromised by issues such as signal-to-noise and degeneracy of structural models. Therefore, 

a more thorough and detailed analysis of the boron-doped silicon crystal structure is needed to 

draw firmer conclusions about the nature of doping in these nanoparticles. 

In this study, we synthesized nanoparticles of boron-hyperdoped silicon via laser-induced 

pyrolysis of mixtures containing silane and diborane. The unique design of the reactor enables 

rapid thermal initiation of particle formation and rapid quenching of gas mixtures in the reaction 

zone, leading to the formation ofboron-doped silicon nanoparticles with a typical average diameter 

near 25 nm and different boron doping levels. We thoroughly investigated the optical properties 

of the nanoparticles and studied the effect of boron doping on the silicon structure by performing 

high flux synchrotron X-ray diffraction followed by pair distribution function (PDF) analysis. To 

the best of our knowledge, this is the first study of boron hyper-doped silicon nanoparticles with 

different doping levels prepared in a continuous high-temperature low-pressure process, the first 

to observe LSPR absorbance in the mid-IR for the as-produced nanoparticles, without oxidation, 

and the first to study the crystal structure of boron-hyperdoped nanoparticles by PDF analysis of 

high-flux synchrotron XRD measurements. 
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2.2 Results and Discussion 

2.2.1 Boron Hyper-Doped Silicon Nanoparticles 

Spherical boron hyper-doped silicon nanoparticles with an average size near 25 run were 

61synthesized by laser pyrolysis (figure 2.2).37
· As described in the previous chapter, the 

temperature of the reaction zone in the laser pyrolysis reactor can reach 1400 to 1600°C. At this 

high temperature, boron diffusion in silicon is rapid, and a uniform distribution is possible. Rapid 

quenching enables hyper-doping by reducing the rate of diffusion before B atoms can segregate 

and reduce the concentration in silicon to the thermodynamic solubility limit. The atomic boron 

concentration in the nanoparticles, measured by inductively coupled plasma optical emission 

spectroscopy (ICP-OES), was up to 42%. Transmission electron microscopy (TEM) was carried 

out on the hyper-doped silicon nanoparticles to evaluate the morphology, crystal structure, 

composition and elemental distribution of the samples. TEM images shown in figure 2.2, 

demonstrate that the pristine silicon sample is composed of 20-30 nm diameter particles. SAED 

patterns that correspond to the cubic (fd3m) silicon structure confirm the crystallinity of the 

sample. Based on the diffraction patterns and the TEM images, the morphology and the crystal 

phase of the sample is not significantly affected by boron doping. High-resolution TEM images in 

figures 2.1 (A-C) show that the nanoparticles are highly crystalline with visible lattice fringes. 

HRTEM images of the hyper-doped sample show the presence of twinning defects. Evidently the 

concentration oftwinning defects increases with increased boron concentration. Formation ofsuch 

defects can be due to the rapid quenching and mechanical stress associated with the laser pyrolysis 

synthesis technique, and also the high extent of boron doping and formation of Si-B bonds that 

cause strain in the crystal structure. Although the introduction of boron dopants does not alter the 

crystal structure of the nanoparticles, the induced strain due to boron substitution and Si-Si bond 
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length alteration can be compensated by formation of crystal defects such as twin boundaries. 

Composition analysis has been carried out via energy dispersive x-ray spectroscopy (EDS) and 

electron energy loss spectroscopy (EELS). As can be seen from the figure 2.1 G, the composition 

of the sample can be confirmed by these methods (this spectrum is obtained from the 42 at. % 

boron hyperdoped sample). Using a windowless SDD detector, boron signal could be completely 

distinguished from the carbon and the zero loss peaks. Notably, the presence of carbon and oxygen 

signals are in part due to the accumulation of electron beam-induced contamination during 

spectrum acquisition. Obtaining high signal/noise ratio from light element samples such as boron 

requires long dwell times, which results in the accumulation of beam-induced contamination. In 

addition, the very large surface fraction of the nanoparticles can cause surface moisture adsorption 

during the sample loading process that will be detected in the spectrum. Therefore, as confirmed 

by electron diffraction pattern analysis and XRD results, oxidation of the silicon nanoparticles is 

ruled out. Elemental mapping was also carried out to investigate the distribution of boron atoms 

in the silicon nanoparticles. As can be seen from the figure 2.1 (D-F), boron is dispersed uniformly 

in the silicon nanoparticles and there is no evidence of segregation of boron and silicon elements 

in the sample. Furthermore, EELS was carried out on the doped and the bare samples (figure 2.1 

H). The core-loss spectrum from silicon nanoparticles demonstrates a sharp feature at 100 eV (Si

L3,2 edges), which correspond to the transition of Si-2p electrons to the "s" and "d" conduction 

bands. Also, the peak at ~ 149 e V that appears after the broad feature at 120 e V corresponds to the 

transition of Si-2s electrons to the conduction band, called the Si-L1 edge. Although the undoped 

sample does not show any feature near 188 e V, characteristic of the boron k-edge, a sharp edge 

appears at this energy range in doped samples. Upon introducing boron dopants into the silicon 

structure, the silicon L-edge fine structure is affected. These changes in the Si-Ledge signal reflect 

60 



the changes ofthe electronic configuration on silicon sites after partial substitution ofsilicon atoms 

with boron and formation of Si-B bonds. 

To further investigate the possibility of boron segregation at the surface of silicon 

nanoparticles, the 14.6 at.% boron sample was etched with a hydrofluoric/nitric acid mixture for 

five hours leading to ~5 nm size reduction. The resulting boron concentration by ICP-OES was 

13 .4 at. %. The small difference in boron atomic concentration before and after the etching process 

suggests that the boron distribution is relatively uniform throughout the silicon nanocrystal. 
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Figure 2.1. A-C) HRTEM images of the undoped, 1.7 at.% and 14.6 at.% boron hyperdoped silicon 

nanoparticles, respectively. D) HAADF-STEM image of 42.5 at. % boron hyperdoped silicon 

nanoparticles and corresponding elemental mapping images of E) boron and F) silicon. G) EDS signal 

of the 42.5 at. % boron hyperdoped silicon nanoparticles. H) EELS spectrum of the 14.6 at. % boron 

hyperdoped silicon nanoparticles. 
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Figure 2.2. TEM images and corresponding SAED patterns of the synthesized nanoparticles A-C) 

silicon, D-F) 14.6 at.% boron hyperdoped silicon, G-1) 42.5 at.% boron hyperdoped silicon, and J-L) 

boron. 
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Figure 2.3 shows wide-angle X-ray diffraction (XRD) patterns of the undoped and 

hyperdoped nanoparticles. The peaks located at ~ 28.5 °, 4 7 .3 °, 56.2°, 69.5 °, and 7 6. 7° are associated 

with (111 ), (220), (311 ), ( 400), and (331) planes of the diamond cubic silicon structure. As more 

boron is incorporated into the silicon nanocrystal, the peaks become broader (higher FWHM) and 

the patterns become noisier. This is consistent with the fact that pure boron produced by our laser 

pyrolysis synthesis process is amorphous, as presented in our previous study, which increases 

defect formation in silicon crystal. 61 The XRD patterns suggest that no new crystalline phase forms 

in the hyperdoping process. However, wide-angle XRD only represents local structures of the 

sample due to experimental limitations. To further study the boron atomic distribution in the silicon 

nanocrystals, XRD was conducted after ten days air-exposure. The XRD pattern in figure 2.4 

shows the emergence of boron oxide peaks at ~14.5° and 27.9° for the heavily doped nanocrystals 

suggesting that boron atoms appear at or near the particles' surface only in the heavily doped 

nanocrystals. This is highly advantageous because only the dopants residing within the 

nanocrystals are electronically active. This observation is in agreement with the boron atomic 

concentration measured after the etching process. 
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Figure 2.3. Powder XRD patterns of the as-synthesized silicon nanoparticles with boron doping levels 

ranging from Oto 100 at.%. 
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Figure 2.4. Powder XRD patterns of the ten-day air-exposed silicon nanoparticles with boron doping 

levels ranging from 0 to 100 at. %. 

Figure 2.5A shows Raman spectroscopy of the undoped and hyperdoped silicon 

nanocrystals obtained using a 2.5 mW laser focused through a 1 00x objective, and an excitation 

wavelength of 514 nm. According to the literature, the Si-Si vibration peak is expected to appear 

1at 520 cm- .
55 However, the position and broadening of this peak strongly depend on the laser 

power and excitation wavelength for these nanoparticulate materials. We made measurements at 

relatively high laser power because the spectra obtained at lower laser power were noisy and 
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therefore difficult to analyze. Piscanec et. al. 62 performed a comprehensive study on the effect of 

Raman measurement conditions on the Si-Si Raman peak. Based on this study, a laser power as 

small as 1-2 mW on the sample is enough to significantly modify the spectrum by sample heating 

and possible photo-excitation ofcarriers. As the power increases, the peak position moves to lower 

frequencies, and the line broadens. A ~10-15 cm-1 downshift of the peak corresponds to a local 

temperature of~600-900 K. Poor thermal contact between the nanoparticles and with the substrate 

results in much greater heating than would be observed for a bulk material. In our measurements, 

the Si-Si vibration peak of the undoped nanocrystals was located at 505 cm-1
. With increasing 

boron concentration, the peak redshifted to 497, 488 and 500 cm-1 for 1.4, 14.6 and 42.5 at. % 

boron concentrations, respectively. This trend is characteristic of substitutional boron doping. 

Because a silicon atom is ~30% bigger than a boron atom, boron substitution in a silicon site 

stretches the neighboring Si-Si bond and redshifts the peak. The local tensile strain of the Si-Si 

bond due to boron incorporation is estimated by eq.1 56 and presented in figure 2.6. The tensile 

strain increases up to 2.5 % for the 14.6 at. % concentration. In the case of heavily hyperdoped 

silicon nanocrystals, the peak redshifts comparing to the undoped nanocrystals, but it blueshifts 

relative to the lightly hyperdoped nanocrystals. There are two reasons for this phenomenon. First, 

some of the boron atoms may reside in interstitial sites rather than substitutional sites. Second, the 

structural disorder due to heavy boron doping compresses the stretched Si-Si bonds. The peak 

broadening observed for the hyperdoped nanoparticles is because of interstitial doping and the 

Fano effect, which is caused by coupling between discrete optical phonons and the continuum of 

interband hole excitation.51 Figure 2.SB shows magnified views of the Raman spectra for the 

undoped and hyperdoped silicon nanocrystals. There are clear Si-B vibrational peaks at ~595, 588 

and 606 cm-1 for 1.4, 14.6 and 42.5 at.% concentrations, respectively. The peak position for Si-B 
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is slightly redshifted compared to the value reported in the literature55 due to the laser heating 

effect, but the trend is similar to Si-Si. 
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Figure 2.5. A) Raman spectra of the undoped and boron hyperdoped silicon nanoparticles with 1.4, 14.6 

and 42.5 at. % boron concentration. B) Zoomed-in Raman spectra ofpart A. 
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Figure 2.6. Si-Si vibration bond peak position in Raman and strain analysis versus boron atomic 

concentration. 

2.2.2 Optical Properties 

Fourier-transform infrared (FTIR) spectra of the undoped and boron hyperdoped silicon 

nanoparticles were taken, with a few seconds air-exposure. As demonstrated in Figure 2.7, the 

broad absorption peaks are characteristic of LSPR, which arises from optically induced collective 

oscillations of free charge carriers in the nanoparticles. Some discrete peaks are present in the 

spectra due to fast oxidation of the surface layer in air, especially for the heavily doped silicon 

nanoparticles. The peaks in the 1100-1200 cm-1 range are associated with Si-O-Si bonds. The 

1peaks at ~830, 1200, and 1400 cm- are associated with B-O bonds.61 The peak at 3200 cm-1 is 

associated with B-OH. The peaks at 2100 and 2550 cm-1 are associated with Si-Hand B-H bonds, 

respectively, due to hydrogen passivation during the synthesis process. Hydrogen passivation is 

advantageous because it slows the growth of the oxide layer, which makes the nanoparticles 

relatively air-stable. 

As demonstrated in figure 2.7, all the boron-doped silicon nanoparticles exhibit LSPR in 

the mid-IR range. The absence of LSPR in the pure silicon nanoparticles strongly suggests that 
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boron doping introduces free holes in the silicon nanocrystal. The large number oftwin boundaries, 

which were observed by high-resolution TEM imaging in the boron hyperdoped silicon 

nanoparticles leads to scattering of charge carriers and broadening of the LSPR-induced 

absorption. LSPR at frequencies near 1090, 2090, 2410 and 2690 cm-1 were observed for 

nanoparticles doped with 0.4, 1.7, 14.6 and 42.5 at.% boron concentration, respectively. As more 

boron is incorporated into the silicon nanocrystal, the LSPR peak blueshifts toward higher 

frequencies, showing that the LSPR energy is tunable with boron doping level. This is the first 

demonstration of plasmonic properties for as-produced boron hyperdoped silicon nanoparticles 

without passivation by a surface oxide layer. The free carrier concentration for a spherical 

nanoparticle with subwavelength diameter can be estimated from eq. 263 
, where/LsPR is the LSPR 

frequency, Nie is number of free carriers, e is the electronic charge, me* is the free carrier effective 

mass (taken as 0.4m0 for holes in boron-doped Si), co is the free space permittivity, coo is the high

frequency (background) dielectric constant, and cm is the dielectric constant of the surrounding 

medium (1.0059 for air at 25 °C). The high-frequency dielectric constant (Eco) for the d=25 nm 

silicon nanoparticles was calculated by eq.364
. 

1 10.7 
fLSPR = 2:n: 

Eq.2 Eco = 1 + --(1-.84_)..,....1.l=s Eq.3 
1+ T 

Figure 2.8 shows the concentration of active free carriers in the as-produced boron hyperdoped 

silicon nanoparticles as a function of boron content, reaching ~4.3 x 1020 cm-3 for the 42.5 at. % 

boron hyperdoped silicon nanoparticles. 
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Figure 2. 7. FTIR spectra ofthe as-synthesized undoped and boron hyperdoped silicon nanoparticles with 

1.4, 14.6 and 42.5 at.% boron concentration. 
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Figure 2.8. Free carrier concentration and percentage of active free carriers versus boron atomic 

concentrations. 

As demonstrated earlier, in the heavily doped samples, boron atoms are either on/near the 

surface of silicon nanocrystals or in interstitial sites or aggregated. These boron atoms are 

electronically inactive. Furthermore, structural disorder creates many carrier traps. These factors 

result in a very low percentage of active free carriers in the heavily doped samples. The ~39% 

active free carriers in the 0.4 at.% sample strongly suggests that not all the boron atoms are in the 

particle core and distribution is relatively uniform in the silicon nanocrystals. To experimentally 

prove this observation, the 0.4 at. % sample was etched for two hours with a hydrofluoric/nitric 

acid mixture. After washing and drying the etched sample, the FTIR spectra was measured again, 

as shown in figure 2.9. The LSPR peak frequency did not change compared to the as-produced 

sample. Thus, although the boron atom distribution is uniform, the electronically active atoms are 

residing in the core of the nanoparticles. 
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Figure 2.9. FTIR spectra of the as-synthesized and etched 0.4 at.% boron doped silicon nanoparticles. 

To further study the behavior of the boron hyperdoped silicon nanoparticles, the 14.6 at.% 

sample was annealed in an argon-filled glovebox for ten minutes at different temperatures up to 

800°C. After natural cooling, FTIR spectra were measured, as presented in figure 2.10. The 

absorption spectrum and LSPR frequency did not change for annealing temperatures up to 600°C, 

suggesting that annealing at these conditions did not change the non-equilibrium nature of the 

hyperdoped nanoparticles. However, at 700°C, the LSPR frequency redshifted to 1700 cm·1 and at 

800°C the LSPR peak completely disappeared suggesting that the nanoparticles underwent self

purification and boron segregation, most likely at the surface of the particles. According to Eq. 2, 

the concentration of free charge carriers is proportional to the square ofthe LSPR frequency. Thus, 

annealing at 700°C results in deactivating ~50% ofthe free charge carriers. The peaks at 830, 1100, 

1400 and 3200 cm·1 are associated with B-O, Si-O-Si, B-O, and B-OH vibration bonds are present 

due to trace oxygen/moisture in the glovebox and grow as the annealing temperature increases. As 

the temperature increases, more hydrogen leaves the particles' surface, and more active sites are 
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1 available for oxidation. Absence of Si-H and B-H vibration bonds at 2100 and 2550 cm- are 

evident in the FTIR spectra. 
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Figure 2.10. FTIR spectra of the as-synthesized and annealed 14.6 at. % boron hyperdoped silicon 

nanoparticles with 600, 700 and 800°C annealing temperatures. 

In another experiment, we exposed the undoped and hyperdoped silicon nanoparticles to 

air at ambient conditions for approximately one year. The FTIR spectra of the air-exposed 

nanoparticles are presented in figure 4e. The LSPR peaks redshifted slightly toward lower 

frequency because oxidation creates dangling bonds and defects at the silicon/oxide interface that 

can trap free charge carriers. However, the slight redshift in LSPR frequency demonstrates the air 
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stability of the undoped and hyperdoped silicon nanoparticles, which is highly advantageous for 

plasmonic devices. Surface oxidation, as evidenced by the high intensity ofthe surface oxide peaks 

at 800-1100 cm-1 damped but did not eliminate, the LSPR of the 42.5 at.% sample. We attribute 

the observed air-stability to two factors. First, the nanoparticles are hydrogen passivated in the 

synthesis process, which slows oxidation in ambient conditions. Second, the concentration of 

electrons that can participate in redox reactions in boron hyperdoped silicon is far less than pure 

silicon, which makes the oxidation process extremely slow. 
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Figure 2.11. FTIR spectra overlay of the as-synthesized (solid lines) and one-year air-exposed (dashed 

lines) boron hyperdoped silicon nanoparticles with 0.4, 1.4, 14.6 and 42.5 at. % boron concentration. 

75 



2.2.3 Crystal Structure 

Total scattering X-ray measurements for the undoped and doped silicon nanoparticles are 

presented in figure 2.12. Single phase refinements of the diamond cubic model were fitted to 

experimental pair distribution functions (PDFs) from -25 nm boron doped silicon nanocrystals 

over the range 1.5 :'.S r :'.S 40 A. The PDF refinement for undoped silicon nanocrystals is plotted in 

figure 2.13 A. The solid-solubility for boron doped silicon is 1.2 at. % at room temperature and 

refinements (figures 2.13 B-D) are for boron hyperdoped silicon samples, with progressively 

larger boron concentrations going from top to bottom. The experimental, calculated, and residual 

PDFs are normalized such that the nearest neighbor peaks in the experimental data have the same 

intensity. The nanocrystal PDFs all appear highly crystalline and well ordered, with sharp peaks 

that extend to high r. The diamond cubic model is also in excellent agreement with the measured 

data, but there is an observable structural misfit below 5 A, which increases with boron doping. 
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Figure 2.12. Total scattering X-ray measurements for the undoped and 1.4, 14.6 and 42.5 at. % boron 

doped silicon nanoparticles. 
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Figure 2.13 (A-D). Measured (open circles) and calculated (red solid lines) PDFs with difference curves 

shown offset below (green) for the undoped and 1.4, 14.6 and 42.5 at. % boron doped silicon 

nanoparticles, respectively. 

One of the primary benefits to local structure analysis using total scattering data from high 

intensity x-ray sources is that diffraction patterns from amorphous and nanocrystalline materials 
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which otherwise appear featureless and noisy in reciprocal space, contain well resolved signals 

after transformation to the PDF. This has been a significant obstacle in the structural 

characterization of hyperdoped silicon where ambiguous peak indexing and analysis of selected 

area diffraction patterns from electron microscopy of individual grains have been the primary 

55methods reported in the literature.46
• -

56 Here we show that bulk-like silicon PDFs can be extracted 

from weakly scattering nanocrystals with large concentrations of boron, from which we can 

quantify sample average structural parameters using simple models. In figure 2.14, the lattice 

parameters and silicon atomic displacement parameters (ADPs) are plotted as a function of boron 

concentration. The cubic lattice constants decrease sharply at low boron doping and plateau near 

- 14 at. % boron. The silicon atomic displacement parameters (ADPs) follow a similar trend, 

increasing monotonically with higher boron doping. In figure 2.15, we corroborate these trends 

using single gaussian refinements to the nearest neighbor peaks. At low at. % boron, the 

significantly smaller boron atoms may dope substitutionally into the host silicon lattice, leading to 

tensile strain and lattice contraction. Beyond a critical concentration of boron doping, the lattice 

contraction saturates, which suggests that in hyper-doped samples a secondary boron-rich phase 

might exist, either on the surface, as aggregates, or distributed in interstitial voids within the silicon 

lattice. In air-exposed samples, there was evidence of a secondary boric acid phase in the most 

heavily doped nanoparticles, while other studies describe silicon and boron oxide shells that form 

65on the surface.54
' 

The PDF refinements using a single-phase diamond silicon model in figure 2.13 show that 

a short ranged structural misfit increases systematically as a function ofboron doping. It is possible 

that the origin of this local deviation from the diamond structure is due to a segregated boron rich 

phase. We assessed candidate secondary phase models using a two-step screening procedure.66 
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First, PDFs from candidate boric acid, silicon oxide, boron oxide, and elemental boron structure 

models are calculated from initial values, and sorted by similarity to the features in the residual 

itself. Next, the best candidates from each family are refined to the experimental PDF from the 

42.5 at. % boron sample using a two-phase virtual crystal model. The results provided in figures 

2.16-17, show that none of the best-choice candidate secondary phases adequately explain the most 

pronounced features in the residual. Though there are fairly significant improvements in agreement 

factor at low r, we believe these low symmetry structure models cannot reconcile the deviation 

from the diamond cubic structure observed in the hyperdoped samples. An investigation of higher 

symmetry secondary phases, closely related to the diamond structure but including interstitial 

distributions of boron atoms is warranted, and will be analyzed more rigorously in a future study. 

Additionally, PDF measurements of the boron doped silicon samples, exposed in air for a year, 

show that the structural misfit is largely unchanged for hyperdoped samples indicating that the 

nanoparticles are stable over long times and the secondary phase is likely independent of surface 

oxidation under ambient conditions. 

Given the asymptotic behavior in lattice parameter reduction for the most hyperdoped 

samples and the concurrent appearance ofa local structure misfit, we considered a few segregation 

scenarios to test for the possibility of a boron rich secondary phase. Our starting model for the 

secondary phase is a duplicate of the diamond silicon unit cell, where the second phase is 

constrained by scale such that each phase scale must take a value between zero and one. Note that 

in the following models, the unit cell contents ofboth phases are unchanged, and the refined phase 

fraction is equivalent to the atomic % of the constituent atoms per phase. 
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Figure 2.14. Lattice parameters (A) and isotropic atomic displacement parameters for silicon (B) plotted 
as a function of boron concentration. Values are extracted from average structure refinements (1.5 < r < 
60 A) using a single-phase diamond cubic structure model (Fd3m). 
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2.3 Conclusion 

Boron hyperdoped silicon nanoparticles with an average size near 25 run and narrow size 

distribution have been synthesized by laser pyrolysis. The unique design of our laser pyrolysis 

reactor enabled uniform distribution of boron atoms in silicon nanocrystals. Rapid heating and 

rapid cooling in the process trap the nanocrystals in this non-equilibrium state. The hyperdoped 

nanocrystals are highly stable, and segregation of boron atoms upon heating did not occur up to 

600°C. The as-produced hyperdoped silicon nanocrystals exhibit localized surface plasmon 

resonance absorbance that remained stable after one year of air exposure. The hyperdoping did not 

change the diamond cubic crystal structure of silicon. This observation has been studied in detail 

by high flux X-ray diffraction measurements and PDF analysis. The diamond cubic model is in 

excellent agreement with the measured data, but there is an observable structural misfit below 5 

A, which increases with boron doping. 

2.4 Methods and Materials 

2.4.1 Synthesis Method 

A continuous 100 W CO2 laser pyrolysis reactor was employed to synthesize pure and 

doped nanoparticles as fully described before.37
' 

61 Silane and diborane (5% in hydrogen) gases at 

ratios ranging from 1000 to 5 were mixed with hydrogen before entering the reactor chamber. In 

this experiment, silane acts as a photosensitizer for diborane because diborane does not absorb the 

infrared laser beam energy at the wavelength of 10.6 µm. In order to synthesize pure boron 

nanoparticles, sulfur hexafluoride was added as a photosensitizer. The photosensitizer absorbs the 

laser energy and transfers it to the diborane gas molecules by intermolecular collisions. The overall 

hydrogen flow was maintained at 200 standard cubic centimeters per minute (seem) in all 
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experiments to keep the total gas flow rate and pressure at 2730 seem and ~8 psia (~55 kPa), 

respectively. The product particles were collected in a custom designed filter with more than one 

gram capacity and stored in an argon-filled glovebox with less than 0.1 ppm oxygen and moisture 

concentrations. 

2.4.2 Characterization Instruments 

Size and morphology of the synthesized particles were characterized by transmission 

electron microscopy (TEM). Sample preparation was done by dispersing the B-doped Si nano 

particles in methanol and drop-casting the solution onto a 300-mesh carbon-coated copper grid in 

a glove box. After drying, the grid was transferred to the microscope with minimum air exposure. 

High resolution TEM (HRTEM) images and selected area electron diffraction patterns (SAEDPs) 

were obtained using a JEOL JEM-3010 TEM with a LaB6 electron source. Energy dispersive 

spectroscopy (EDS) and electron energy loss spectroscopy (EELS) were performed using an 

aberration corrected JEOL ARM200CF with a cold field emission gun, equipped with an Oxford 

X-max lO0TLE windowless X-ray detector and a Gatan Enfina EELS detector. EELS results were 

obtained with a 0.1 eV/channel dispersion and a 2-mm detector aperture. The full-width at half 

maximum ofthe zero-loss peak was 0.6 e V, which determines the energy resolution ofthe obtained 

spectra. Wide-angle powder X-Ray diffraction (XRD) patterns were collected on a, Rigaku Ultima 

IV X-Ray diffractometer. A Bruker Vertex 70 FT-IR spectrometer was used for IR spectroscopy. 

A Renishaw Raman system with 514 nm excitation laser focused through a 1 00X microscope 

objective was employed for microRaman spectroscopy. The excitation power was held constant at 

2.5 mW for all samples. A Thermo Scientific iCAP 6000 Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES) with < 1 ppb detection capability was used to measure the 
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boron and silicon concentrations. The samples were dissolved in a concentrated sodium hydroxide 

solution by continuous heating and stirring for several hours. Plastic containers were used for 

samples preparation to avoid silicon and boron contamination from glass containers. 

Total scattering x-ray measurements were performed at the National Synchrotron Light 

Source II (XPD, 28-ID-2), Brookhaven National Laboratory. Silicon nanocrystals doped with 0, 

1.7, 14.6 and 42.5 at. % boron were sealed using epoxy and polyimide capillaries inside a glove 

box to prevent air exposure. Diffraction patterns were collected at room temperature in a 

transmission geometry with an X-ray energy of 68.011 keV (11,=0.1823 A) using a large-area 2D 

PerkinElmer detector. The detector was mounted with a sample-to-detector distance of 

206.180 mm. A follow up measurement on air exposed samples with the same boron 

concentrations were measured at an energy of 66.838 keV (11,=0.1855 A) at a sample-to-detector 

distance of204.626 mm. The experimental geometry, 20 range, and detector misorientations were 

calibrated by measuring a crystalline nickel powder directly prior to the silicon nanocrystals, with 

the experimental geometry parameters refined using the Fit2D program. Standardized corrections 

are then made to the data to obtain the total scattering structure function, F(Q), which is then 

Fourier transformed to obtain the PDF, using PDFgetX367 within xPDFsuite. The maximum range 

of data used in the Fourier transform (Qmax, where Q=4nsin0/11, is the magnitude of the momentum 

transfer on scattering) was chosen to be 20 A to give the best tradeoff between statistical noise and 

real-space resolution. 

At higher boron concentrations, the scattered intensities from the nanocrystals are small 

relative to the kapton background leading to noise at high-Q which makes signal extraction 

challenging. To mitigate this, the Qmax is truncated below what is typical for highly scattering 
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materials, and masks were created to remove outlier pixels using an auto-masking procedure68 and 

applied to the images before azimuthal integration. 

The PDFGUI program was used to construct virtual crystal (VC) nanoparticle models from 

a diamond cubic (fd3m) unit cell, carry out refinements, and determine the agreement between 

calculated PDFs and data, quantified by the residual, Rw.69 One isotropic atomic displacement 

parameter (ADP), Uiso , is applied, and a spherical particle diameter (SPD) is refined to account for 

the finite size of the nanocrystals.70 Silicon atomic sites were kept at full occupancy and boron 

atoms were not included in the model. 
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Chapter III: Silicon-Carbon Nanocomposite 

Anode Material for Lithium-Ion Batteries 

3.1 Introduction 

Silicon, an environmentally benign element, has been studied extensively as a potential 

anode material for lithium-ion batteries23 because of its high theoretical capacity ( 4200 mAh/g and 

9786 mAh/L), high abundance (28% of the earth's crust by mass) and mature production 

technologies. Compared to silicon, traditional graphite anodes have much lower theoretical 

capacity (~375 mAh/g). Table 3.1 presents key parameters for several potential anode materials 

for LIB application. However, silicon incorporation in LIBs has not been easy. Silicon undergoes 

massive volume change (up to 400%) upon cycling, accompanied by mechanical stresses, 

cracking, and side reactions with electrolyte, which lead to pulverization and continuous formation 

of an unstable solid electrolyte interface (SEI) layer as illustrated in figure 3.171
-
74 

. To overcome 

such obstacles, researchers have studied micro/nano-scale modifications in the synthesis ofsilicon

based anode materials. Early studies of silicon nanowires as anode material for LIBs showed that 

silicon indeed had a promising future in LiB applications 75 
. Further studies involving pre-lithiation 

of silicon nano-wires 76
, silicon nano-wires within hollow graphitic tubes (1100 mAh/g at IC for 

1000 cycles, ~70% silicon content)71
-
72

, and SEI layer control in double-walled silicon nanotubes 

(~60% silicon content)74
, have focused on improvement in battery performance. 

xLi+ + Si + xe- H LixSi 

4. 4Li+ + Si + 4. 4e- H Li4 _4 Si 
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Table 3.1 Potential anode materials for LIB application. 

Lithiated phase LiC
6 Li Li4.4Si Li4.4Sn Li

3
Sb LiAI Li

3
Mg Li12TisO12 Li

3
Bi 

Specific capacity (mAh g 
-1 

) 372 3,862 4,200 994 660 993 3,350 175 385 

Volumetric capacity (mAh cm 
-3 

) 837 2,047 9,786 7,246 4,422 2,681 4,355 613 3,765 

Volume change(%) 12 100 320 260 200 96 100 1 215 

Potential vs. Li (~v) 0.05 0 0.4 0.6 0.9 0.3 0.1 1.6 0.8 

Si LixSi SEI Many 
_ Lithiation . Cycles - li~n ...... , 

~ 

.~ 
I 

...... • 
Delithiation -

Figure 3.1. Schematic of silicon degradation during cycling when used as an anode material. 

To address the need to maintain electrical contact and decrease the mass associated with a 

metallic current collector, graphene sheets were combined with silicon nanoparticles in a structure 

that physically separated the silicon nanoparticles, but maintained electrical conductivity through 

the electrode. This produced improved capacity (1434 mAh/g after 50 cycles, ~73% silicon 

content) and provided higher coulombic efficiency77
. Kim et al. 78 studied the carbon-coating of 

silicon nanoparticles (~30 nm average core size), and demonstrated enhanced cycling stability at 

high charge/discharge rates. However, they did not account for the volumetric expansion ofsilicon 

and SEI layer control as demonstrated in figure 3.2. Wu et. al79 trapped silicon particles ( derived 
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from bulk silicon) inside carbon nanotubes to allow volume change without disturbing electrode 

microstructure, achieving 90% capacity retention over 200 cycles. This nanostructure is mainly 

synthesized based on a chemical vapor deposition (CVD) process using silane precursor, and long 

tubes are needed to prevent electrolyte entry into the two ends of the tube. This raises a 

compatibility issue with current manufacturing processes. Hence, Liu et al.80
, regarded 

nanoparticles as a better option than nano-tubes and nano-rods, and incorporated void space 

between silicon nanoparticles and carbon shells (so-called a "yolk-shell" structure) to 

accommodate the volume expansion and prevent rupture of the carbon layer, as illustrated in figure 

3.3. In such structures, the carbon shell prevents the electrolyte from reaching the silicon surface 

and eliminates SEI formation and growth on the silicon itself. The carbon layer also acts as a 

conductive material that further improves the conductivity of the electrode. Even though such 

modifications have improved silicon-based anode performance (1000 cycles with 74% capacity 

retention) and increased the specific capacity (-2800 mAh/g at C/10), they have introduced new 

challenges such as high surface area, low tap density and high interparticle resistance which have 

resulted in low coulombic efficiency and cycling stability. To account for these problems, a 

pomegranate-inspired structure was synthesized, having the same individual particle morphology, 

which increased the cycling stability (1000 cycles with 97% capacity retention) and increased the 

tap density of the active material thereby leading to higher volumetric capacity81 
. Several research 

groups have proposed that decreasing the silicon particle size to the nanoscale would lead to better 

performance of the anode material. This is mainly because transport and ionic distances are shorter 

even though high surface area leads to the formation of more SEI. Liu et al. 82 have experimentally 

demonstrated that silicon particles with size <150 nm do not pulverize upon the first lithiation. All 

these factors suggest the use of nanoparticles as (potentially) a better-performing anode material. 
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C 

In addition, the working electrolyte, binders, and conductive additives play crucial roles in the 

performance of the anode material. 

CSi NP 

Many
Lithiation

Lithiation - Cycles.................. 
-

Figure 3.2. Schematic of using carbon-coated silicon nanoparticles as an anode material. 

Void 
SEI 

Many 
Lithiation CyclesLithiation ......... ......... 

Figure 3.3. Schematic of using carbon-coated silicon nanoparticles with a void space as an anode 

material. 

In this study, we have employed laser pyrolysis to produce highly crystalline silicon 

nanoparticles with an average size near 30 nm and narrow size distribution, as demonstrated in 

figure 3.4 and described previously37
' 

61 
. Then, we prepared yolk-shell silicon-carbon 

nanocomposite structures with up to 87% silicon content by a combination of wet chemistry and 

gas-phase methods. Simultaneously we kept in mind recent advances in electrolytes for use with 

silicon.83 Apart from our particles being nanoscale, they are highly pure, crystalline and relatively 

monodisperse. Such qualities are not typical of silicon particles available commercially. 

Monodispersity has helped us to find the best void space size, which would not have been possible 

using polydisperse particles. Overall, this allowed us to synthesize a high-performance silicon

carbon nano-composite anode material starting from commodity chemicals ( e.g. silane, TEOS, and 

acetylene). 
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Figure 3.4. Schematic of the laser pyrolysis reactor and silicon nanoparticle formation. 

3.2 Results and Discussion 

3.2.1 Synthesis and Characterization 

The fast cooling process in the laser pyrolysis method leads to the formation of silicon 

nanoparticle aggregates as presented in the transmission electron microscope (TEM) image in 

figure 3.5 A. It is possible to break these aggregates by sonication. However, for this particular 

application, having 30 nm silicon nanoparticles in an aggregate form is beneficial because it 

decreases the interparticle distances, which increases overall rates of diffusion through the 

material. As shown in the high-resolution TEM image in figure 3.5 B, the nanoparticles are highly 

crystalline with~3 .13 A lattice spacing associated with ( 111) lattice planes ofsilicon. Furthermore, 

X-ray diffraction (XRD) in figure 3.6 A shows crystalline peaks of silicon at 28.5, 47.3, 56.2, 

69 .2, and 76.5° associated with (111 ), (220), (311 ), ( 400), and (331) planes, respectively. These 

peaks match the rings in the selected area electron diffraction (SAED) pattern. A narrow peak in 

the Raman spectrum at 519 cm-1 (figure 3.6 D) is characteristic of the Si-Si bond associated with 
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crystalline silicon. The slight redshift of the peak from its expected position is due to laser heating 

of nanoscale silicon. The FTIR spectrum in figure 3.7 shows the silicon nanoparticles have a Si

H bond at ~2100 cm-1 and several silicon oxide bonds at ~700-1100 cm-1 on the surface. The oxide 

bonds are due to air exposure before and during measurement. 

A 

20nm 
Figure 3.5. A) TEM image of silicon nanoparticles. B) High resolution TEM image of a single silicon 

nanoparticle. 
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Figure 3.6. A) XRD pattern of the silicon nanoparticles. SAED pattern in the inset. B) Raman spectrum 
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Figure 3.7. FTIR spectrum of the silicon nanoparticles. 
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We then used the silicon nanoparticles to develop a composite silicon-carbon anode 

material. The silicon nanoparticles were coated with silica by a modified Stober method to provide 

a sacrificial silica layer as shown in figure 3.8. Then, the nanoparticles were coated with a 

conformal carbon layer, figure 3.9. Removal of the silica layer by acid etching provided a void 

space for silicon volume expansion. Because the silicon nanoparticles are aggregated in the 

production process, the final silicon-carbon material forms a highly-connected composite type 

material as demonstrated in figure 3.10. We were able to tune the void space by varying the silica 

layer thickness as demonstrated in figure 3.11 . Monodispersity ofthe silicon nanoparticles enabled 

us to provide a near-optimal amount of void space for all the silicon nanoparticles. A larger void 

space decreases the silicon/carbon contact area upon volume expansion, which decreases electrical 

conduction through the material. If the nanoparticles are polydisperse, then the void space has to 

be large enough to accommodate volume expansion of the larger particles. This decreases the 

contact area for the smaller particles. In the carbon coating process, we aimed to avoid forming 

100% amorphous or 100% graphitic carbon. Amorphous carbon is highly porous and irreversibly 

traps lithium ions. On the other hand, the presence of some pores in the carbon shell is required 

for transport of lithium ions across the carbon layer. Therefore, we used a temperature that is high 

enough to produce graphene-like or graphitic material, but not high enough to form high-quality 

(defect-free) graphene or graphite. Also, graphene formation on the oxidized silicon is more 

prevalent than amorphous carbon deposition because the oxide produces catalytic sites that 

facilitate graphitization.84 Increased graphene/graphitic carbon content increases the electrical 

conductivity and improves the coulombic efficiency by trapping fewer lithium ions. XRD in figure 

3.12 demonstrates the presence of crystalline silicon (111), (220), and (311) peaks at ~28 °, 47°, 
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and 56°, respectively. The absence of peaks associated with silicon carbide indicates that the 

carbon atoms do not chemically react with silicon or silica during the carbon-coating process, 

which is very important because silicon carbide is not expected to have lithium-storage ability. 

Furthermore, absence of a broad shoulder before the crystalline silicon (111) peak shows that the 

carbon is not amorphous. The Raman spectrum in figure 3.13 A demonstrates that the carbon 

structure is more similar to graphene than amorphous carbon. Presence of the G' band at ~2700 

cm-1 demonstrates that the carbon layer is not amorphous. However, the I0 /I0 ratio is greater than 

one, demonstrating that the graphitic carbon structure is significantly distorted and defective. This 

is because we perform the carbon-coating process rapidly (<1 minute) to keep the carbon content 

below 20%. Therefore, the graphene layers did not merge and stack to create 100% graphitic 

carbon. Ifwe increase the carbon coating time, more graphene layers form, merge, and stack. Thus, 

the distortion decreases and the I0 /I0 ratio goes below one. Son et. al. 84 experimentally 

demonstrated the effect of graphene growth time on the degree of graphitization. They observed 

an Io/10 ratio less than one when the carbon-coating process was on the order of several minutes. 

Figure 3.13 B shows thermogravimetric analysis (TGA) of the silicon-carbon nanocomposite 

using air as a carrier gas. The 13% weight loss measured by the system shows the carbon content. 

At higher temperature, the silicon nanoparticles oxidize, leading to weight gain. To investigate the 

effect of silicon nanoparticle size on the performance of a silicon-based anode material, we 

prepared the same structure, by almost the same processes, using commercially available ~100 nm 

silicon particles as presented in figure 3.14. The BET surface area of the 30 and 100 nm silicon 

nanoparticles were 72 and 18 m 2/g, respectively (nitrogen adsorption curve is presented in figure 

3.15). Although the surface area of the 30 nm silicon nanoparticles was four times higher than the 

100 nm silicon particles, the aggregated form of the 30 nm silicon nanoparticles led to the 
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formation of a continuous carbon layer around the aggregates and decreased the surface area 

accessible to the electrolyte and SEI layer formation. 

C 

50nm 50nm 
Figure 3.8. A-C) TEM images of the silica coated 30 nm silicon nanoparticles. 

Figure 3.9. SEM image of the carbon and silica coated 30 nm silicon nanoparticles. 
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A B 

50nm 50nm 
Figure 3.10. A-B) TEM images of the 30 nm silicon-carbon nanocomposite. 

50nm 
Figure 3.11. TEM and SAED images of the 30 nm silicon-carbon nanocomposite with large void space. 
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Figure 3.12. XRD pattern of the 30 nm silicon-carbon nanocomposite. SAED pattern in the inset. 
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Figure 3.13. A) Raman spectrum and B) TGA in air for the silicon-carbon nanocomposite. 
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Figure 3.14. TEM images of the 100 nm silicon-carbon nanocomposite with void space. 

100 



7 

• -C) 

6 

-
~ 5 
E-

• 
• 

• 

0 0.2 0.4 0.6 0.8 1 

Relative Pressure (p/p0
) 

Figure 3.15. Nitrogen adsorption curve. Black circles: 30 run silicon nanoparticles. Red triangles: 100 

run silicon nanoparticles. 

3.2.2 Electrochemical Performance 

Electrodes were prepared from the vanous silicon-carbon composite materials by a 

standard slurry method. Figure 3.16 A and B show high magnification SEM images of electrodes 

with carbon nanotubes and carbon black as a conductive additive, respectively. Figure 3.17 A 

demonstrates the surface morphology and elemental mapping of the electrode. The cracks in the 

electrode are mainly due to the fast-drying process. The elemental mapping shows uniform 

distribution and high content of silicon. In order to show the effect of void spaces on 

electrochemical performance, galvanostatic cycling was performed for the carbon-coated silicon 

nanoparticles without incorporating a void. As presented in figure 3.18, the capacity of such 

material drops rapidly for both 30 and 100 nm silicon particles. This capacity loss is due to massive 
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volume expansion and SEI layer growth. We attribute the sudden capacity increase in the case of 

the 100 nm silicon nanoparticles to the unstable SEI layer and the fact that we have excess lithium 

present in these half-cell experiments. Breakage of the SEI layer can allow more lithium to enter 

the electrode, before the SEI reforma. After incorporating a void space, galvanostatic cycling was 

performed for both 30 and 100 nm silicon-carbon nanocomposite anode materials at the same 

gravimetric current density (mA/g). The C-rates are C/50 for the first cycle, C/20 for the second 

cycle and C/10 for the rest of the cycles. The charge capacity versus cycle number was plotted in 

figure 3.19 A showing that the 30 nm silicon-carbon nanocomposite reached a stabilized capacity 

of 1700 mAh/g. On the other hand, the 100 nm silicon-carbon nanocomposite reached 900 mAh/g 

capacity, which is 800 mAh/g less than the 30 nm silicon nanoparticles. The voltage profile in 

figure 3.19 B reveals that the coulombic efficiency is 49%, which is very low. This low coulombic 

efficiency is because of continuous breaking and reforming of the SEI layer. In order to make the 

SEI layer stable, fluoroethylene carbonate (FEC) was added to the electrolyte and the same 

galvanostatic cycling was performed. The charge capacity versus cycle number was plotted in 

figure 3.20 A showing that the 30 nm silicon-carbon nanocomposite reached a stabilized capacity 

of 2300 mAh/g. On the other hand, the 100 nm silicon-carbon nanocomposite reached 900 mAh/g 

capacity, which is 1400 mAh/g less than the 30 nm silicon nanoparticles. The voltage profile in 

figure 3.20 B shows the coulombic efficiency is 60%, demonstrating the effect of FEC additive. 

Because the mass of each electrode is different, as an additional point of comparison, the 100 nm 

silicon-carbon nanocomposite was also cycled at the same current per area (same current density, 

mA/cm2
, but different C-rates) as the 30 nm silicon-carbon nanocomposite. In this case, the 100 

nm silicon-carbon nanocomposite reached 1600 mAh/g capacity, which is 600 mAh/g less than 

the smaller particles. This difference in capacity shows that the smaller particles perform much 
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better because of shorter transport and ionic distances. With the 100 run silicon-carbon 

nanocomposite, we hoped to achieve the same capacity ( ~2800 mAh/g at C/10) as the similar 

"yolk-shell" structure reported by Liu et al. 80
, which also employed commercially-available~ 100 

nm silicon nanoparticles. Our capacities were lower, despite the similarity in structure, but without 

matching all details of electrode loading, binder, electrolyte, and preparation processes, the origin 

of this difference remains unclear. Nonetheless, because we prepared both anode materials 

ourselves with the same processes, we believe that the comparison of results for different starting 

particle sizes made here is valid. The coulombic efficiency of the 100 run silicon-carbon 

nanocomposite is 77%, which is 17% higher than the smaller particles. Considering the 4 times 

higher surface area of the 30 run silicon particles compared to the 100 run silicon particles, the 

17% lower coulombic efficiency is not severe. The discharge profile of the first cycle exceeds 

4200 mAh/g because of electrolyte decomposition and SEI formation. Although the 30 nm silicon 

particles have four times higher surface area, their composite-type morphology limited the surface 

area accessible to the electrolyte leading to much less irreversible reactions. In order to better 

understand why the charge capacity of the smaller particles is higher, Raman analysis was 

performed for the pristine materials, materials after the first discharge, and materials after 50 

charge/discharge cycles, for both 30 and 100 nm silicon-carbon nanocomposites. The Raman 

spectra of the 30 nm particles presented in figure 3.21 A demonstrate that after the first discharge 

cycle, the peak associated with the Si-Si bond in crystalline silicon disappeared and a broad peak 

associated with amorphous silicon appeared at ~450 cm-1
. This peak shift indicates that silicon 

particles become completely amorphous due to alloy formation, meaning that all silicon atoms 

participated in the lithiation reaction. On the other hand, the Raman spectra of the 100 nm particles 

presented in figure 3.21 B demonstrate that after the first discharge cycle, the peak associated with 
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Si-Si bonding in crystalline silicon shifted to a higher wavenumber and a broad peak associated 

with amorphous silicon also appeared at ~450 cm-1
. The blueshift of the Si-Si bond indicates that 

not all the silicon atoms participated in the lithiation reactions and that crystalline domains remain 

in the core of the particles. Furthermore, the peak shift demonstrates that the particles are under 

pressure generated by the SEI and amorphous layers. The compression pressure estimated from 

the peak shift is 1.28 GPa85 
. After 50 cycles, all crystalline domains participated in the lithiation 

reaction, and the Raman spectrum became similar to the 30 nm particles. The Raman analysis 

supports the hypothesis that shorter ionic and transport distances of the smaller particles are the 

main reasons for the superior performance. The results of a cycle stability test in figure 3.22 

demonstrates good rate capability of the 30 nm silicon-carbon nanocomposite anode material. The 

charge capacity at C/20 returned to its original value after almost 130 cycles at varying rates, 

showing a thin and stable SEI layer. 

Figure 3.16. SEM images of the 30 run silicon-carbon nanocomposite electrode before galvanostatic 

cycling. A) With carbon nanotube. B) with carbon nanoparticles (SuperBlack). Scale bars = 200 run 
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Figure 3.17. A) SEM image of the 30 run silicon-carbon nanocomposite anode electrode. B-D) 

Elemental mapping of silicon, carbon and copper by SAED. Scale bars = 10 µm. 
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Figure 3.18. Galvanostatic cycling of silicon-carbon nanocomposite without a void space. First cycle at 
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To test the life cycle of the 30 run silicon-carbon nanocomposite, a fast cycling experiment 

was performed at C/10 for the first cycle, C/3 for the second cycle and C/1.2 for the rest of the 

cycles. As presented in figure 3.23 A, the charge capacities are 3136, 2472, and 1961 mAh/g for 

the first, second and third cycles, respectively. The capacity reached ~1150 and ~750 mAh/g after 

1000 and 2000 deep cycles, respectively. For comparison, the 100 nm silicon-carbon 

nanocomposite was cycled at the same current density (mA/cm2
) as the 30 nm particles. As 

presented in figure 3.23 A, the charge capacity is much lower than the smaller particles. For 

instance, at 500 cycles, the 30 run silicon particles have twice the capacity of the 100 nm silicon 

particles. The voltage profile in figure 3.23 B shows that the coulombic efficiency of the first cycle 

is 71 %, which is 11 % higher than was observed for slow cycling. This difference shows the effect 

of depth of discharge on the performance. The higher the C-rate, the lower the depth of discharge 

and the higher the coulombic efficiency. The coulombic inefficiency (1-coulombic efficiency) 

presented in the inset of figure 3.23 A shows that 200 cycles are required to reach 0.5% coulombic 

inefficiency (99.5% coulombic efficiency) in the rapid cycling experiment. The coulombic 

inefficiency is a measure of SEI layer growth, which indicates the amount of lithium ions trapped 

in the carbon and SEI layers in each cycle. This data is in agreement with the recent study on the 

self-healing SEI layer of Si@C86 
. In another experiment, a high mass loading electrode was cycled 

at C/10 for the first cycle, C/3 for the second cycle and C/1 (2.9 mA or 1.6 mA/cm2
) for the rest 

of the cycles. As presented in figure 3.24 A, the charge capacity reaches ~850, ~750, and ~600 

mAh/g after 250, 500, and 1000 cycles, respectively. This performance shows the 30 nm silicon

carbon nanocomposite performs very well with reasonable capacity retention at high current 

densities. Cyclic voltammetry in figure 3.25 suggests highly reversible lithiation/delithiation 

reactions. The cathodic peak positions at 0.38 V and 0.52 V and anodic peak position at 0.2 V are 
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characteristics of Si-Li alloying and dealloying reactions. The tiny peak in the first cycle 1s 

representative of SEI layer formation. 
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Figure 3.23. Galvanostatic cycling of the 30 nm and 100 nm silicon-carbon nanocomposite. First cycle 
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Figure 3.25. Cyclic voltammetry (CV) of the 30 nm silicon-carbon nanocomposite for 3 cycles from 

1.00 to 0.01 Vat 0.05 mV/s scan rate. 

In situ TEM was used to observe the structural changes during the lithiation reaction. 

Figures 3.26 A and D show the 30 and 100 nm silicon nanoparticles, respectively, encapsulated 

by the carbon shell before the lithiation reaction. By applying a -3V bias to the LhO, the 

nanocomposite material become lithiated by lithium ion diffusion through the nanoparticles. Upon 

lithiation reaction, the silicon nanoparticles expand, but the volume expansion is more visible for 

the 100 nm silicon nanoparticles. After ten seconds of lithiation (figures 3.26 B and E), an 

amorphous LixSi shell is formed around the crystalline silicon core (with dark contrast), which is 

evident for the 100 nm silicon particles. After twenty seconds of lithiation, the largest 100 nm 
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silicon particles expanded more than 200% and broke the carbon shell. Moreover, as seen in figure 

3.26 F, the silicon particle itself fractured. However, the smaller particles had enough void space 

for volume expansion and the yolk-shell structure remained intact. Breakage of the carbon shell 

and fracture of the larger silicon nanoparticles are the reasons for the relatively poor cycling 

performance of the 100 nm silicon sample. On the other hand, it is evident in figures 3.26 B-C 

show that engineering a void space for the monodispersed 30 nm silicon nanoparticles was 

successful and there is still some void space remaining after full lithiation. Furthermore, the overall 

volume expansion of the 100 nm silicon-carbon nanocomposite is much higher than the 30 nm 

silicon-carbon nanocomposite, which is critical in practical applications, where electrode 

expansion could raise safety concerns. The fast lithiation reaction in both samples demonstrates 

the high diffusion rate of lithium ions thorough the carbon shell and good contact area between 

and carbon shell and silicon. 
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Figure 3.26. In situ TEM image series captured from the (A-C) 30 and (D-F) 100 nm silicon-carbon 

nanocomposite particles during electrochemical lithiation. 
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Electrochemical impedance spectroscopy (EIS) was performed for the silicon-carbon 

nanocomposite electrodes after galvanostatic cycling. As presented in figure 3.27 A, the sample 

with a small void space has higher resistance compared to the sample with the right amount of 

void space. If the void space is small, the SEI layer breaks and grows due to silicon volume 

expansion and electrolyte exposure (figure 3.28 A). However, the right amount of void space 

prevents SEI layer breakage due to volume expansion. On the other hand, cycling rate or depth of 

discharge also affects the resistance. The main SEI layer formation and growth occurs in the first 

few cycles. At slow cycling rate, the voltage remains at the decomposition voltage of the 

electrolyte ( ethylene carbonate and diethyl carbonate) longer than at the fast cycling rate. 

Therefore, more electrolyte decomposes and forms the SEI layer in the first few cycles, which is 

why the coulombic efficiency is also lower at slow cycling rate. As demonstrated in figure 3.27 

A, the resistance after 2000 cycles at the fast rate is lower than after 50 cycles at the slow rate, 

which is highly beneficial in practical applications. Comparing EIS of the 30 and 100 nm anode 

materials in figure 3.27, the 30 nm silicon-carbon nanocomposite is less resistive. This is because 

of the aggregated morphology of the 30 nm silicon nanoparticles and formation of a continuous 

carbon layer, which has less surface area than the 100 nm silicon-carbon nanocomposite. 

Furthermore, stability of the SEI layer has a direct relation to the resistance. Adding fluoroethylene 

carbonate (FEC) to the electrolyte increases the SEI layer stability by limiting the emergence of 

large cracks and preserving the original surface morphology83 
• The FEC additive helps the SEI 

layer to cover the carbon shell more homogeneously and better preserve the surface voids leading 

to lower polarization. Therefore, the battery with FEC in the electrolyte is less resistive (figure 

3.27 B). Figure 3.28 B shows the SEM image of the electrode after 2000 fast cycling. The SEI 
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layer is homogenously cover silicon-carbon nanocomposite without formation of a massive crack, 

which is the reason for the low resistance and long cycle life. To further study the anode material 

and confirm the intact structure, the active material was separated from the current collector and 

TEM imaging was performed. Figure 3.29 A-B shows the silicon-carbon nanocomposite yolk

shell structure remained intact after 2000 fast cycling, which demonstrates the robust structure of 

carbon shell and effectiveness of the void space. This TEM imaging was very challenging due to 

the fact that the active material is mixed with PVDF binder and carbon nanotubes. Figure 3.29 C 

is an example of binder and active material mixture. The carbon nanotubes are also presented in 

figure 3.29 D. 
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Figure 3.27. A) Electrochemical impedance spectroscopy (EIS) of the 30 nm silicon-carbon 

nanocomposite after 50 and 2000 cycles. B) EIS of the 100 nm silicon-carbon nanocomposite after 50 

cycles with and without FEC. 
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Figure 3.28. A) SEM image of the electrode with small void space after 50 cycles at slow rate. B) SEM 

image of the electrode after 2000 cycles at fast rate. Scale bars = 500 nm. 
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Figure 3.29. TEM image of the anode material after 2000 fast cycles. A-B) Silicon-carbon 

nanocomposite. C) Silicon-carbon nanocomposite mixed with PVDF. D) Carbon nanotubes. 

3.3 Conclusion 

In conclusion, we have synthesized 30 nm silicon nanoparticles with narrow size 

distribution using a laser pyrolysis method. Then, we successfully synthesized a silicon-carbon 

nanocomposite anode material by a combination of wet chemistry and gas phase processes. The 

119 



successful design of the nanocomposite with the right amount of void space for silicon volume 

expansion stabilized the SEI layer and demonstrated an outstanding capacity of 2300 mAh/g at 

C/10 after 50 cycles and 1150 mAh/g at C/1.2 after 1000 cycles. The 30 nm silicon nanoparticles 

performed much better than the 100 nm silicon nanoparticles due to shorter ionic and transport 

distances, as supported by Raman analysis. The aggregated morphology of the 30 nm silicon

carbon nanocomposite limited the surface area for SEI formation, which also demonstrated low 

resistivity after hundreds of cycles. This study successfully shows the effect of size and 

monodispersity on the performance of silicon-based anode materials. 

3.4 Materials and Methods 

3.4.1 Synthesis of Silicon Nanoparticles 

A laser-induced pyrolysis method with a continuous 100 W CO2 laser was used to synthesize 

silicon nanoparticles as fully described in our previous studies37
' 
61 

. Hydrogen and silane gases at 

a ratio of 1.75 were mixed before entering the reactor. Although silane absorbs the infrared laser 

beam energy at the wavelength of 10.6 µm, 7 vol. % sulfur hexafluoride was added to the gas 

mixture, as a photosensitizer, to increase the silicon crystallinity by increasing the temperature in 

the reaction zone. The reactor pressure was maintained at 8 psi. The product particles were 

collected in a custom designed filter downstream of the reactor chamber and stored in an argon

filled glovebox with less than 0.1 ppm oxygen and moisture concentrations. 

3.4.2 Synthesis of Silicon-Carbon Nanocomposite 

The 30 nm silicon nanoparticles were air-exposed overnight to oxidize the surface and provide 

nucleation sites for silica shell growth. Then, the nanoparticles were dispersed in a 4: 1 

120 



ethanol/water solution by ultrasonication to form a dispersion of 0.65 g/L. Concentrated 

ammonium hydroxide was added to the solution to increase the pH to 11-11 .5 in order to increase 

the silica coating speed. 0.62 vol. % tetraethoxysilane (TEOS) was then added dropwise to the 

solution. The mixture was stirred for 24 hours at room temperature. The silica-coated silicon 

nanoparticles were collected by filtration and washed with water, then dried in a vacuum oven 

overnight. The dried nanomaterial was ground and then carbon-coated in a tube furnace by a 

chemical vapor deposition (CVD) process using 200 seem acetylene gas at 10 psi and 1100°C 

furnace temperature for about one minute. The obtained silicon/silica/carbon nanomaterial was 

added to a 10% hydrofluoric acid aqueous solution for an hour to remove the silica layer and 

provide void space for silicon volume expansion. The silicon-carbon nanocomposite was again 

dried in a vacuum oven overnight and ground for electrode fabrication. The silica coating thickness 

was easily tuned by changing the stirring time and amount of TEOS. The carbon thickness was 

efficiently tuned by altering the process time and gas flow rate. The carbon type depends on the 

temperature. In the case of 100 nm silicon nanoparticles, the silica coating process was adopted 

from Liu et al.80 The carbon coating, and silica etching processes were similar to those used for 

the 30 nm particles as described above. 

3.4.3 Electrochemistry 

Anodes were prepared by a slurry method. The silicon-carbon nanocomposite active 

material, carbon nanotubes, and polyvinylidene difluoride (PVDF) at a ratio of 65:20:15 were 

added to N-Methyl-2-Pyrrolidone (NMP). The slurry was stirred for several minutes using a speed

mixer at 2000 rpm to ensure that the PVDF was dissolved in NMP, and that the other components 

mixed well. The slurry was cast on a 16 µm copper foil and dried in a vacuum oven overnight. The 
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electrode was roll-pressed, punched, weighed, and stored in the glovebox. Coin-cells were 

fabricated inside the glovebox using the electrode described above, a lithium metal foil counter 

electrode, and a Celgard 2250 separator. The electrolyte was 1.0 M LiPF6 in 1:1 w/w ethylene 

carbonate (EC):diethyl carbonate (DEC). Vinylene carbonate (VC, 1 vol. %) and fluoroethylene 

carbonate (FEC, 10 vol. % ) were added to the electrolyte to stabilize the SEI layer and improve 

the cycling stability. 

Galvanostatic cycling was performed using Arbin Instruments BT-G and MTI battery 

testers. The voltage cutoffs were 0.01 and 1.00 V versus Li/Li+. The charge/discharge rates and 

specific capacities were calculated based on the theoretical capacity of silicon (1 C = 4200 mAh/g) 

and the total mass of active material, respectively. The coulombic efficiency was calculated as 

CdischargelC charge, where Cdischarge and C charge are capacities during lithium intercalation and de

intercalation. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

measurements were performed using a Metrohm Autolab system. EIS measurements were 

obtained from 200 kHz to 0.1 Hz at 0.40 V. CV measurements were obtained from 1.00 to 0.01 V 

versus Li/Lt at 0.05 mV/s scan rate. 

To characterize the silicon-carbon composite electrodes, the cells were charged to 1.00 V, 

opened and washed with acetonitrile to remove the electrolyte. To remove the SEI layer, the 

electrodes were washed with a dilute hydrochloric acid solution. 

3.4.4 Characterization Instruments 

Size and morphology of the silicon-carbon nanocomposites were characterized by TEM 

(JEOL model JEM 2010). Samples were prepared by dispersing the material in ethanol and drop

casting the solution onto a 300-mesh carbon-coated copper grid. Surface morphology was 
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characterized by SEM using an Auriga CrossBeam Workstation (FIB-SEM) from Carl Zeiss SMT 

with an Oxford Instruments X-Max 20 mm 2 EDX detector and INCA software for elemental 

composition determination. Wide-angle powder X-Ray diffraction (XRD) was conducted using a 

Rigaku Ultima IV X-Ray Diffractometer, 1.76 kW, Cu source. A Bruker VERTEX 70 FT-IR 

spectrometer was used for IR spectroscopy. A Renishaw Raman system with 514 nm excitation 

laser focused through a l00X microscope objective was employed for Raman spectroscopy. The 

excitation power was held constant at 0.5 mW for all samples. The specific surface area was 

measured using a Tristar 3020 surface area analyzer from Micromeritics. Thermogravimetric 

analysis was conducted using a TA Instruments DSC SDT Q600 and air as a carrier gas. 
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Summary and Future Work 

In this dissertation, we focused on synthesis and applications of boron, silicon, and boron 

hyper-doped silicon nanoparticles. These nanoparticles were synthesized by a gas phase laser

induced reactor. The spherical nanoparticles are ~25 run in diameter and monodispersed, which is 

critical for many applications. 

In the first chapter, we synthesized highly pure and oxide free boron nanoparticles that are 

able to generate hydrogen gas from water on-demand at room temperatures. The high surface area 

and small size of the nanoparticles reduced the onset of the oxidation temperature. Addition of 

sodium hydride as an activator reduced the oxidation temperature further and made the 

nanoparticles water-reactive at room temperatures, unlike commercially available boron. By 

analyzing the hydrolysis reaction byproduct, we learned that not all the boron atoms (mainly in the 

core) participated in the hydrolysis reaction. Further optimization in the synthesis method and 

hydrolysis reaction must be done to increase the hydrogen generation yield. Furthermore, a 

magnesiothermal process must be performed to regenerate the used nanoparticles to further 

increase the value of boron nanoparticles for on-demand hydrogen generation applications. 

In the second chapter, we synthesized highly pure and oxide free silicon nanoparticles. 

Then, I synthesized a silicon-carbon nanocomposite material by the combination of wet chemistry 

and gas phase processes. The material contains 85% silicon. A void space was incorporated for 

each silicon particles to mitigate the ~300% volume expansion upon lithiation ofsilicon. The same 

morphology was synthesized using commercially available silicon particles that were highly 

polydispersed. The experiments demonstrated that smaller silicon nanoparticles (synthesized by 

me) performed much better than the bigger particles mainly due to shorter transport and ionic 

distances. Furthermore, monodispersity ofthe smaller nanoparticles enabled me to provide enough 
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void space for all the silicon nanoparticles. Providing enough void space for all the particles in a 

polydisperse sample was not possible. For the future work, the developed anode material must be 

cycled against a commercial cathode to understand the performance in practical applications. 

Furthermore, more work must be done at the electrode level. For instance, different binders and 

conductive carbon additives must be tested. Different electrode processing techniques must be 

tested as well. 

In the third chapter, we synthesized boron hyper-doped silicon nanoparticles with different 

boron concentrations up to 42 at. % boron. The boron atoms distribute uniformly in the silicon 

nanoparticles. The as-synthesized nanoparticles have plasmonic properties with tunable plasmonic 

energy. The nanoparticles are highly air stable and plasmonic properties did not change after one 

year of air exposure. To analyze the crystal structure, high flux synchrotron XRD was used, and 

the diffraction patterns were analyzed by PDF analysis. We learned that boron incorporation did 

not chance the diamond cubic crystal structure of silicon and boron doping is substitutional. 

However, at high boron concentrations, a local misfit observed, which is attributed to interstitial 

boron doping. In future studies, these nanoparticles must be used to fabricate electronic and 

plasmonic devices in order to calculate the number of active carriers experimentally. Furthermore, 

a more detailed PDF analysis must be performed to understand the nature of the local misfit and 

interstitial doping. 
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