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SUMMARY

O Title

Nano Particle Generation and Control for Materials Processing
O Background

Aerosol processes using thermal means such as flames, condensation, thermal plasma, etc.
draw special attention to manufacture nano particles and nanophase film or bulk materials.
Not only generation, growth, and depositio mechanisms of nanometer sized particles but also
the heat and fluid flow are the essential for determining the final characteristics of
nanoparticles, so the establishment of control techniques of aerosol and heat flow plays an
important part in the manufacture of nanophase materials.
O Objectives and scope

The National CRI Center for Nano Particle Control aims at (1) establishing new control methods
to control the size, morphology, and crystalline phase of single component and composite
nanoparticles (2) developing new methods to make patterns of nanoparticles (3) developing new
theoretical and experimental methods to investigate the growth of nanoparticles (4) elucidating novel
phenomena related to particle generation and growth that have not been explored.
O Results
® Our new control strategy utilizing laser irradiation in a flame is not only confirmed to successfully
control the size, morphology, and crystalline phase of nanoparticles, but also to control the phase
segregation in composite nanoparticles (1 Patent registered and 3 Patents pending). Surprisingly,
the laser irradiation in an acetylene flame was found to continuously generate hollow shell-shaped
carbon nanoparticles of high crystallinity with mass quantity through critical transition. These hollow
carbon nanoparticles exhibited field emission comparable to carbon nanotubes(l Patent registered
and 3 Patents pending).
® We developed a new gas phase coating method for the synthesis of coated nano composite
particles. Sliding burner consisting of outer coating nozzle and inner nozzles supplying a core material
and fuels enables one step process to make uniform and nano coating of oxides of various materials on
different kinds of nanoparticles (1 Patent pending).
® We developed new methods of patterning of nanoparticles. We combined conventional lithography
and monodisperse nanoparticle transport utilizing electrical field and nanoparticle charging.
(2 Patents pending).
® We developed novel modeling methods to predict the growth of polydisperse non-spherical
nanoparticles. A new efficient sectional method and much simpler bi-modal models for non-spherical
particles were developed .
® We developed new methods for measuring the growth of non-spherical nanoparticles. These

include an in-situline measurement of fractal aggregate growth by utilizing planar light scattering and



a method for measuring concentration, size parameters, volume fraction of aggregates by combining
elastic and dynamic light scattering methods.
® We discovered a surprising phenomenon of the fragmentation of nanoparticles due to phase
transformation. 20 nm Fe,0; and 40 nm SnOsnanoparticles were transformed into 3-5 nm Fe,0; and
10 nm SnO, nanoparticles both in a flame and in an electron beam irradiating microscope under
vacuum.
® For the first time, we observed extremely sharp line spectra from Mn or Cr doped MgO
nanocrystals made from metal combustion.
® Electrospray or jet assisted chemical vapor deposition methods were proposed for the synthesis of
non-agglomerated nanoparticles or uniform deposition of particles, respectively ( 2 Patents registered
and 1 Patent pending).
O Significance

Size, morphology, crystalline phase, composition of nanoparticles and their patterned deposition
determine the properties and quality of nanostructured materials and nanodevices. Our novel
inventions covering gas phase synthesis of single component and composite nanoparticles with
controlled properties, nanoparticle patterning, and nanocoating should be breakthroughs in the field of
nanoparticle research and applications. We believe these achievements give broad impacts on
nanotechnology field since nanoparticles are fundamental building blocks for nanostructured materials
and nanodevices. Developments of new measurement and theoretical methods for the growth of
nanoparticles have been already considered to be significant contributions in the field of aerosol

science.
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Chapter 1. Introduction

® Importance of nanotechnology and nanoparticle research
Nanotechnology is recognized as an emerging key technology for the 21st century. The Bush
administration's 2003 budget seeks more than $700 million for the National Nanotechnology Initiative.
Other countries such as Japan, Western European countries, Korea have also begun to recognize the
importance of nanotechnology and fund at significant levels. This is because of scientific convergence
of physics, chemistry, biology, materials and engineering at nanoscale, and of the importance of the
control of matter at nanoscale on almost all technologies. Nanoparticle manufacturing/control is an
essential component of nanotechnology because 1) nanoparticles themselves are building blocks
for nanotechnology, 2) the specific properties are realized at nanoparticle, or nanolayer level, and
3) assembling and patterning of nanoparticles are prerequisite to make nanostructured materials
and nanodevices.
Needless to say, many people recognize the importance of nanoparticle research. The small
size of nanoparticles that is responsible for unusual optical, electrical, magnetic, chemical and
mechanical properties of nanoparticles with sizes usually less than 100 nm makes them useful

for new applications or remarkable improvements on existing applications.

® Critical issue on nanoparticle research

There are basically two different methods to synthesize nanoparticles; liquid based wet
chemistry method and gas-phase aerosol method. Each method has pros and cons. In the
present project, we focus on gas-phase aerosol method due to the following advantages. Gas
phase processes are generally purer than liquid-based processes since even the most ultra-pure
water contains traces of impurity. Aerosol methods are usually continuous processes that are
needed for practical production while wet chemistry is a batch process that can result in
different quality from batch to batch. However, there exists a critical issue for aerosol methods
to be overcome before being developed as a practical nanotechnology.

Controllability is now a key issue for realizing practical nanotechnology, i.e., controlling the
size, morphology, crystalline phase, composition of single component or composite nanoparticles and
their patterned deposition are demanding tasks. Breakthroughs on these important problems will
open the door for immediate applications of nanoparticles such as in cosmetics, catalysts, electron
emission display, data storage, fuel cell, etc.

The control of heat and fluid flow are also essentials for the mastery of controllability of
nanoparticles since heat transfer, fluid flow and mass transfer govern not only the generation

and growth of nanoparticles, but also the transport and deposition of them.



® How to solve this issue ; Breakthroughs are needed

We believe that our control strategies covering both the generation and growth of
nanoparticles (single component and composite) and the patterning of synthesized
nanoparticles should be breakthroughs on this field giving broad impacts on
nanotechnology field since these control technologies are fundamentals to the establishment
of nanostructured materials and nanodevices.

We pursue the mastery of controllability for nanoparticle generation, growth, transport and
depositon to provide a clear solution to the above problems.
More specifically, National CRI Center for Nano Particle Control aims at (1) establishing new control
methods to control the size, morphology, and crystalline phase of single component and composite
nanoparticles (2) developing new methods for patterning of nanoparticles (3) developing new theoretical
and experimental methods to investigate the growth of nanoparticles (4) elucidating novel phenomena

related to particle generation and growth that have not been explored.



Chapter 2. State-of-the-art

® International aciivities

Pratsinis' group in the ETH of Switzerland has carried out experimental and theoretical studies on
synthesis of metal and ceramic nanoparticles using aerosol techniques in flame. Recently, they have
focused on the flame spray pyrolysis (FSP) which can employ a wide array of liquid precursors for
functional nanoparticle synthesis (Madler et al., 2002; Mueller et al., 2003). Okuyama's Group in
Hiroshima University has tried to setup the spray pyrolysis method, one of the aerosol methods for
synthesizing nanoparticles using liquid-to-particle conversion route, by applying the salt-assisted and
ultrasonic sprayed utilities (Lenggoro et al., 2001; Okuyama and Lenggoro, 2003). Kauppinen's group in
VTT of Finland has investigated the crystal morphology and phase of titania nanoparticles during the
aerosol synthesis (Ahonen et al.,, 2002). Fissan's group in Gerhard-Mercator-University Duisburg in
Germany has described the deposition process and the trajectory of charged, metallic nanoparticles on
the substrate surface (Krinke et al., 2002). To understand the gas-to-particle conversion and nanoparticle
properties, Zachariah's group in University of Minnesota has developed the molecular based modeling
tools (Efendiev and Zachariah's, 2003). Friedlander's group in UCLA has presented the self-preserving
size distribution theory for fractal-like particles under Brownian coagulation (Dekkers and Friedlander,
2002). Biswas' group in Washington University has studied on the formation and growth dynamics of
aerosols in high temperature environments (combustion aerosols), especially conceming the health
effects of nanoparticles (Miller et al., 2001).

Recent researches on nanoparticles conducted by each group as described above have their own
significant contributions to the construction of nanotechnology. Our cutting-edge novel methods that

we have developed have been very well recognized worldwidely.

® Domestic activities

In Korea, Hee-Dong Jang's group in KIGAM synthesized the titania and silica nanoparticles in a
diffusion flame reactor by adjusting the precursor concentration and gas flow rates as control variables
(Jang and Kim, 2001). Multi-component phosphor nanoparticles have been synthesized using the
ultrasonic spray pyrolysis by Seung-Bin Park's group in KAIST (Kang et al., 2003). Another group in
KAIST led by Sang-Soo Kim has worked on the electrospray of nanoparticles including the direct
measurement technique by freezing (Ku and Kim, 2002).In a furnace reactor, the nanoparticle
morphology affected by corona ion was investigated by Kang-Ho Ahn's group in Hanyang University
(Ahn et al., 2001) and the characteristics of nanoparticles generated in a furnace reactor were described
by Jung-Ho Hwang's group in Younsei University (Ji et al., 2002). Nanoparticle growth by coagulation
in silane plasma reactor was analyzed (Kim and Kim, 2002) and the change in particle charge
distribution during the rapid growth of particles was investigated by Kyo-Seon Kim's group in

Kangwon University. The various modes of composite titania/silica nanoparticles were prepared through



vapor-phase hydrolysis and their characteristics were evaluated by Sun-Geon Kim's group in Chungang
University (Lee et al., 2002). The change in particle size of fractal agglomerates during Brownian
coagulation was calculated and the change in particle size distribution undergoing condensational
growth was revealed (Park et al., 2002) by Kyoo-Won Lee's group in K-JIST.

During the last two phases, we have developed novel control strategies in nanoparticle
synthesis and its patterning including Coalescence Enhanced Synthesis using laser irradiation in
flame, in-situ gas-phase coating method utilizing the modified sliding burner, nanoparticle
patterning, a novel model for non-spherical nanoparticle growth, and new experimental methods
to measure the growth of non-spherical nanoparticles. These novel and creative works have never
been attempted in the filed of nanotechnology and have been already considered to be significant
achievements in the field. Furthermore, during the 3rd phase , more concrete establishment and its
practical applications of our novel strategies will be accomplished and finally our works give significant

contributions toward the realization of nanotechnology.



Chapter 3. Methods, Results and Discussion

3.1. Development of new control strategy for nanoparticle
generation and growth

3.1.1. Study of synthesis and growth control of silica/titania composite nanoparticles

using "Coalescence Enhanced Synthesis".

® Introduction

Control of particle formation and property of composite nanoparticle has not been attempted
much even though there is a growing demand for the multi-component materials. A multi-component
system shows complex features in generation, evolution of particles and its formation mechanism and
structural properties are poorly reported. We applied the present coalescence enhanced synthesis
method to SiO,/TiO, composite nanoparticles in flame. It is shown that size and morphology of
Si0,/Ti0, particles can be successfully controlled by the present method. Also we show that
crystallization of SiO,/TiO, nanoparticles can be controlled by the present method.

Our method (Coalescence Enhanced Synthesis) was confirmed to successfully control size,
morphology, crystalline phase of SiO»/TiO, nanocomposite particles for the first time. There has been
no report so far on the in situ controllability of the structural properties of nano-sized SiO»/TiO,
particles in flame. This finding may imply that continuous acquisition of multi component
nanoparticles with changing structural property could be possible. Previously, we proposed a new
control method using CO, laser irradiation ("Coalescence Enhanced Synthesis", see Fig. 3.1.1.1) for
nanoparticle synthesis and its mechanism was thoroughly investigated. First, we applied our method
for the synthesis of non-crystalline SiO; particles at high concentration. Three different mechanisms
such as generation, coalescence and evaporation effect were found depending on the irradiation
heights in a flame and it was shown that particle size of silica particles could be successfully
controlled with CO; laser irradiation. Second, this control method was applied to control the growth of
crystalline TiO, particles. In this case, original fractal aggregates were completely transformed into
spheres with a considerable reduction of volume, which was attributed to the coalescence effect that

can reduce collision cross-sections of particles.
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® Methods

Si0,/TiO, particles were generated in an oxy-hydrogen diffusion flame by hydrolysis and
oxidation of SiCls and TiCls. These SiCls, TiCls liquids were used as the precursors for SiO,, TiO,
respectively. Carrier gases (oxygen) passed through each bubbler were mixed before they were
injected through the center nozzle of the burner. A bubbler containing TiCl, liquid was maintained at
60 °C while SiCls bubbler was maintained at 24 °C because of its relatively low vapor pressure
compared with SiCls. Four experimental conditions were chosen to study the effect of CO; laser beam
irradiation on size, morphology and crystallization of SiO,/T10, cdmposite nanoparticles. The flow
rates of precursors, fuel, oxidizer, and other gases are given in Table 2. In each experimental
condition, total flow rates of gases injected through the center nozzle were maintained constant via
addition of dilution gas to keep the same residence time in CO, laser heated region. A laminar
diffusion flame burner composed of six concentric stainless-steel tubes was used and a high power
CW CO; laser (10.6 um in wavelength) was employed to heat rapidly flame-generated particles. The
experimental apparatus and the flame temperature profile of the burner have been described in detail
n our previousvreport. Local thermophoretic sampling of SiO»/TiO; particles on TEM grid was made
for observation of its morphology, size and crystallization. SiO»/TiO, particles moving along the flame
were also thermophoretically deposited onto a water-cooled quartz tube (6 mm in the outer diameter)
for further examination of composition, phase and crystallization. The particles are repeatedly
collected after short deposition time of 2 minutes to prevent undesirable thermal heating during
powder collection. In this report, the height of CO, laser irradiation and particle collection is denoted

as hy and hp respectively.

Table 3.1.1.1. Experimental Conditions

Experimental Conditions Case 1 Case 2 Case 3 Case 4
Measured mol % of Ti 15 21 29 40
Carrier gas O for TiCl, (cc/min) 100 200 200 200
Carrier gas O, for SiCly (cc/min) 100 100 80 50
Dilution gas O, (cc/min) 109 0 50 71
Qtotat (cc/min) 360
H, (I/min) 2.5
O, (I/min) 5.0
Shield gas N; (cc/min) 700
| Dry air (//min) 70

The particles were imaged using a transmission electron microscope (JEM 200CX, JEM 3000F).

In order to determine the composition of the collected powders X-ray spectrometry (EDS) was



conducted. The compacted pellets (5 mm in diameter) made from collected powders were studied with
a scanning electron microscope equipped with EDS (JSM 5600).The compositions were measured
several times for different selected areas (~300pum x250pum) and then averaged. A X-ray
diffractometer (MAC/Science, MXP18XHF-22) was used to determine crystalline phase of collected
Si0,/TiO; powders. The sizes of TiO;, crystallites were estimated from the Scherrer equation after
fitting each peak to a Gaussian profile and correcting the profile for the instrumental broadening.
Structural properties of the SiO,/TiO, powders were examined with FT-IR spectroscopy using a
Bomen DA 8 spectrometer. The samples were diluted with KBr and the spectra were collected with a
spectral resolution of 1.93 cm™'. The Raman spectra were obtained using a France Jobin-Yvon T64000

with excitation wavelength 514.5 nm, with a spectral resolution of 1.8 cm’.

@ Results and discussion

The evolution of SiO,/Ti0, particles in flame has been investigated for Case 2. The TEM image
shows that particles are formed even in very low height from the burner exit (at 3 mm) due to
oxidation of SiCls, TiCls vapors. Generated particles grow along the height in flame from highly
aggregated particles (at 3-7 mm) to more sintered non-spherical particles (at 10-15 mm) and finally to
spherical particles at 18 mm asa result of coalescence. The changes in molar ratios of Ti to Si during
generation of SiO,/TiO, particles have been studied using EDS analysis of collected powders.
Measured Ti mol % at 8 mm was 42 % and Ti mol % decreases along the heights from ca. 23-25% (at
10-18 mm) to 21 % at 23 mm. This change in compostion is due to the difference in reaction rates of
two precursors. Activation energy for chemical reaction of TiCly is much lower than that of SiCls
(Ehrman, et al., 1998). Thus, TiO; particles are more likely to form than SiO, particles. That is why Ti
mol % is higher at lower heights and decreases as subsequent particle generation occurs. It is very
interesting whether the present "Coalescence Enhanced Synthesis" can be applied to a
multi-component system where particle generation occurs in relatively long regions.

Fig. 3.1.1.2 shows the change of size and morphology of SiO,/TiO, particles captured at 15 mm
from the burner surface with and without CO, laser beam irradiation for Case 2. Without CO, laser
beam irradiation, large spherical particles and aggregates with large primary particle size (ca. 30-40
nm) are observed. As CO, laser power increases, the original large particles with non-uniform
morphology are changed into more-sintered particles and finally into spherical particles under a
2214W CO; laser beam irradiation as shown in Fig. 3.1.1.2(b).

The substance volume of non-spherical particles is characterized using the following statistical
relationship between the number of primary particles in an aggregate, N, the projected area equivalent

diameter, d, and the mean primary particle diameter, dpm. (Koylu, et al., 1995)

2.18
Np=1.15( d"j

pm

(3.1.1.1)
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From TEM image analysis using above characterization, it is found that the average volume of
particles has decreased by ca. 10 times. The volume mean diameter of particles decreased from 100.8
nm (P = OW) to 46.2 nm (P = 2214W). This change in particle volume confirms that the present
method is to synthesize much smaller, spherical SiO/TiO, particles resulted from reduction of
collision cross-sections of particles by enhancing coalescence of early stage particles in flame. Fig.
3.1.1.3. shows that size distributions of particles both with and without CO, laser irradiation are well
approximated by log-normal size distributions. It is clear that size reduction and narrower size
distribution can be obtained even with composite nanoparticles using the present "Coalescence
Enhanced Synthesis",

The effect of CO; laser irradiation on crystallization of SiO./TiO, particles has also been
investigated. Four experimental conditions with different mol % of Ti are chosen to verify the effect of
CO; laser irradiation on crystallization. Fig. 3.1.1.4. shows X-ray diffraction patterns of powders
collected at 55 mm from burner surface with (P = 2200W) and without CO, laser irradiation. It is very
interesting that CO, laser irradiation can change crystallinity of nano-sized SiO,/TiO; particles in
flame. The crystallite sizes of aﬁatase TiO, estimated using Scherrer equation are shown in Table.
3.1.1.2

Table 3.1.1.2 Crystallitesize estimated from Scherrer equation

Case 1 Case 2 Case 3 Case 4
P=0W amorphous amorphous 7.2 nm 124 nm
P =2200W amorphous 8.8 nm 12.0 nm 19.11 nm

Without CO; laser irradiation, crystallization of SiO,/TiO; particles depends on the molar ratios
of Ti to Si. As the content of Ti increases, peaks for anatase phase of TiO, appears and their intensity
increases with increasing content of Ti. With CO, laser irradiation, the intensity of peaks for anatase
phase of TiO, increases and the estimated crystallite sizes also increase except for Case 1 which has
the lowest Ti content of 15 mol %. The possible reasons for crystallization with CO, laser irradiation

will be discussed later.

10
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The effect of irradiating laser power on the crystallization of Si0,/TiO; particles is shown in Fig.
3.1.1.5. The peak for (101) reflection of anatase TiO, appears when a 820W CO, laser beam is applied
and its intensity increases with the laser power. Crystallite sizes estimated from Sherrer equation also
increased with the increase of irradiating laser power from 6.9 nm for 820W, 7.9 nm for 1520W and
8.8 nm for 2200W.

Fig. 3.1.1.6 shows TEM photographs of Si0,/TiO, particles collected at 55 mm with and without
CO; laser irradiation for Case 2. Without CO, laser irradiation, amorphous SiO,/TiO, particles are
observed in TEM image. When 2200W CO; laser beam is applied at 28 mm, crystallite domains of
Ti0; with the size of 8-10 nm were observed.

Fig. 3.1.1.7. and Fig. 3.1.1.8. also confirm that crystallization occurs when CO; laser irradiation
is applied. FT-IR spectra of collected SiO/TiO, powders are shown in Fig. 3.1.1.7. Without CO, laser
irradiation (Fig. 3.1.1.7(a).), four bands are observed and their positions and the assignments of these
bands are as follows: (i) 800 ¢cm™ for symmetric v(8i-0-Si) stretching vibration; (ii) 950 cm™ for v
(Si-O-Ti) vibration; (iii) 1090 cm™ for asymmetric v(Si-O-Si) stretching vibration; (iv) 1190 cm™ for
asymmetric v(Si-O-Si) stretching vibration. (Dutoit, et al., 1995). Another band at 612 ¢cm™ attributed
to the Ti-O-Ti bonding (Mohamed, et al., 2002) appears for powders collected at 55 mm when 2200W
CO; laser beam is irradiated at 28 mm. (Fig. 3.1.1.7(b)). Raman spectra (Fig. 3.1.1.8) also cdnﬁrm that
crystallization of the SiO,/TiO; particles in flame can be controlled with CO, laser irradiation. Bands
at 952 and 1100 cm'both are assigned to v(Si-O-Ti) vibrations. The crystallization with CO, laser
irradiation is confirmed by the bands at 515 and 638 cm™ which are attributed to crystalline anatase
phase of TiO,. (Dutoit et al., 1995).

Several possible reasons for crystallization by CO, laser irradiation are examined as follows.
There are two possible types of interaction between TiO, and SiO»: physically mixed (the formation of
segregated TiO, micro-domains) and chemically bonded (the formation of Ti-O-Si linkages).
According to previous studies, segregated TiO, domains are formed as the content of Ti atoms
increases because silica could accommodate Ti atoms in the network in a certain limit. As shown in
Fig. 3.1.1.4,, the peaks for crystalline TiO, of anatase phase are observed in X-ray diffraction pattern

with increasing mol % of Ti.
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Fig. 3.1.1.5. X-ray diffraction patterns of collected powders at different powers of irradiating CO,
laser beam for Case 2 (22 mol% of Ti); hp=55mm, hy=28mm.
note: * in the figure denotes the strongest peak of anatase phase
(2 theta = 25.3° for the (101) reflection)
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Fig.3.1.1.6. TEM photogfaphs of SiOy/TiO; particles with and without CO; laser beam irradiation for
Case 2 (22 mol% of Ti); hp=55mm, h; =28mm.
(a) OW, (b) 2200W, (c) HR-image of crystallite, (d) Dark field image.
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Fig. 3.1.1.7. FT-IR spectra of collected SiO»/TiO, powders with and without CO, laser beam
irradiation for Case 2 (22 mol% of Ti); hp=55mm, hy=28mm.
(a) OW, (b) 2200W.
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Fig. 3.1.1.8. Raman spectra of collected SiO,/TiO; powders with and without CO, laser beam
irradiation for Case 2 (22 mol% of Ti) ; hp=55mm, h; =28mm.

(2) OW, (b) 2200W.
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In order to verify if there is a change in molar ratio of SiO,/TiO; particles, molar content of Ti in
Si0,/Ti0; particles with and without CO, laser irradiation were measured with energy dispersive
X-ray spectrometry (EDS). The result shows that there is a little change in composition within
observational error (ca. 1 %) between collected powders with and without CO; laser irradiation. No
evidence of possible recondensation of evaporated silica is found in TEM photographs sampled at
heights, which are 5 mm higher than the position of CO; laser irradiation at various irradiation heights.
This means that crystallization with CO, laser irradiation could not be explained by evaporation of
silica from the SiO./TiO, particle surface, which would lead to change in composition or structural
arrangement.

The possibility of breakage of Si-O-Ti bonding was also investigated with the evaluation of
FT-IR results. According to Dutoit et al. and Klein et al., the ratio of the band intensity due to v
(Si-O-Ti) at ca. 950 cm'to that due to v(Si-O-Si) at ca. 1190 ¢cm™ is a useful measure for the Ti

dispersion in SiO,/TiO,and Si-O-Ti connectivity (Ti dispersion) is defined as follows

Isi-o-m) xsi
D(Si—O—Ti)=l—l)X——l—

IGsi-o-sy Xxn (3.1.1.2)

Isio.my and Isio.sy denote the corresponding Gaussian-type integrals at 950 and 1190 cm-1,
respectively, and xi equals the molar fraction of each species. Following the accepted band
assignments, the spectral region of 750-1350 cm™ has been deconvoluted into Gaussian curves using
the IR spectra obtained for Case 1 to Case 4 with and without CO; laser irradiation. The results show
that the ratio of the band does not change with CO, laser irradiation. This means that there is little
possibility of breakage of Si-O-Ti bonding. The ratios of the bands and estimated values of Dsio.1y

with various mol % of Ti are given in Table. 3.1.1.3.

Table 3.1.1.3. Estimated 7, (si-0-1) A (si-0-sp) and Dgsio-y

Case 1 Case 2 Case 3 Case 4
I, (Si-O-Ti)/I (8i-0-5i) 1.06 1.24 1.15 0.96
Dsio-my 5.98 4.97 2.69 1.44

The ratio of the bands increased as Ti content increases from 15 to 21 mol %. This means that
more Si-O-Ti bondings are forming and most of Ti atoms for Case 1 are well dispersed in silica
structure. As Ti content increases more, the ratios of the bands decrease, which implies that silica
structure is not able to accommodate all Ti atoms and additional Ti tends to form a segregated TiO;
domain rather than to form Si-O-Ti bonding. The observational error for this estimation is ca. 3 %.

The measured connectivity Dysi.o.r for flame-generated Si0,/Ti0, is 5.98 for Case 2 (15 mol % of Ti).
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The value from the results of previous studies for similar molar content of Ti was 2.9 (16 mol %,
Dutoit et al.) and 6.5 (17 mol %, Klein, et al., 1996). This shows that Ti atoms in flame-generated
Si0»/TiO, particles are well dispersed in spite of the different reaction rates of precursors because high
flame temperature enhances liquid or solid state diffusion.

Fig. 3.1.1.9. shows the effect of thermal annealing on powders collected at 55 mm without CO,
laser irradiation. The powder for Case 2 without CO, laser irradiation is amorphous as deposited and
shows crystalline peaks for anatase phase of TiO, after annealing at 900 °C for 30 min with the
heating rate of 10 °C/min. The powder which has 15 mol % of Ti (Case 1) remained amorphous even
after annealing. It is interesting that there is also no crystallization effect with CO, laser irradiation for
Case 1 (Fig. 3.1.1.4(a), (b).). This means that flame generated SiO,/TiO, particles become thermally
more metastable as the Ti mol % increases and that, there exists uncoordinated TiO, nano-domains in
Si0,/TiO; particles because of the stress and strain. This existence of uncoordinated domain implies
that the arrangement of species in flame could be controlled using CO; laser irradiation and its optical,
catalystic properties could be changed with the irradiating CO, laser power. To our knowledge there
has been no report so far on the in situ controllability of the structural properties of nano-sized
S10,/TiO, particles in flame. Further studies are ongoing to investigate the effect of CO, laser
irradiation on the crystallization of early stage SiO,/TiO, particles where particle generation is still

occurring and the mixing of SiO, and TiO; is not completed.
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Fig. 3.1.1.9. X-ray diffraction patterns of collected SiO»/TiO, powders with thermal annealing
hp=55mm, h;=28mm, without CO, laser irradiation.
(a) Case 1, as deposited, (b) Case 1, annealed at 900°C,
(c) Case 2, as deposited, (d) Case 2, annealed at 900°C.
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3.1.2. Study of synthesis and growth control of shell shaped carbon nanoparticle

® Introduction

Since the discovery of fullerenes and carbon nanotubes all new nanocarbon materials draw much
attention expecting their superiority in electrical, optical, mechanical properties, etc. Recently we
reported the synthesis of new kind of nanocarbon, namely, shell-shaped hollow carbon nanoparticles.
X-ray diffraction (XRD) analysis shows high crystallinity of our particles. As one can see in
transmission electron microscope (TEM) pictures these particles consist of alternating bent and flat
graphene shells leading to possible spz/sp3bonding hybridization on their junction. The great part of
the junctions in our particles may be a reason for a lot of unusual properties. Motivated by this, we
study electron spin resonance (ESR) spectra of our particles and measure magnetization with a
superconducting quantum interference device (SQUID). We measure electrical field emission from
our particles as well. It is worth noting that samples for the field emission experiments were made by
means of direct in-situ deposition of flame generated particulate onto substrate unlike the multi-step
sample preparation conventional for carbon nanotubes. Taking into account the higher
manufacturability of fabrication of our particles and a possible easiness of their uniform deposition we

may suggest them as a perspective material for electron field emitters.
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® Methods

The experimental setup for particle generation consists of a co-flow burner and a CO; laser as
shown in Fig. 3.1.2.1.. The co-flow burner we used consists of several coaxial annular nozzles in order
to inject different gases into the system separately. Chemically pure grade acetylene is supplied
through the center nozzle having a diameter of 2.0 mm at the flow rate of 0.1 Ipm. Pure hydrogen and
oxygen/nitrogen mixture having 25% oxygen mole-concentration is supplied at the flow rates of 1.0
and 2.0 lpm, respectively, through thé next nozzles (I.D. = 10.5 mm, O.D. = 13.4 mm and I.D. = 15.8
mm, O.D. = 19.3 mm) to form an annular shaped co-flow diffusion flame. Nitrogen shield is also
injected between the center and hydrogen nozzles to control C;H, pyrolysis. Air is supplied through
the outermost nozzle to stabilize the flame. The flame was irradiated with a CO; laser (Bystronic, BTL
2800) beam (wavelength 10.6 m). The laser power could be controlled up to the laser limit of 2800 W.
The radiant emittance of the flame at specific wavelengths was measured with a spectrometer (Acton
Research Co, Spectra Pro 300i) in order to determine the flame temperature. The geometry was chosen
to measure the emittance from exactly the same region that is irradiated. The burner slide in the
vertical direction provides a possibility to measure flame luminosity from different heights. The
spectrometer was calibrated using a tungsten lamp (Sciencetech Inc., QTH 100W). The light
scattering, laser-induced incandescence (LII), laser-induced PAH fluorescence (PLIF) techniques were
also utilized in order to characterize flame at different conditions. The particles generated in flame
were thermophoretically sampled either on copper grids using a localized sampling device or on a
quartz tube.

The morhology of shell-shaped carbon nanoparticles we synthesized was studied with TEM and
HRTEM. From the images we determined average number of graphene shells and the intersheet
spacing in our particles. The particle crystallinity was checked with X-ray diffraction analysis. The
lattice parameters were found. ESR spectra from collected particles were measured with a Bruker ESP
300E spectrometer operating at X-band at the temperatures ranged from 2 K to 300 K. These spectra
are useful in order to describe the temperature dependent spin behavior in our particles. Magnetic
properties of our particles were studied with a SQUID magnetometer (Quantum Design, MPMS 7)
over a temperature range of 2 to 300 K at magnetic fields up to a device limit of 7 T. These
measurements together with ESR spectra allow one to elucidate the origin of different contributions in
total particle magnetization.

Being a good gas adsorbent our particles are covered with oxygen during SQUID measurements
at low temperatures. We utilized a device peculiarity of SQUID system consisting of the presence of a
little amount of oxygen in the system in order to vary oxygen coverage just during measurements.
Then the extra magnetization caused by additional oxygen coverage can be obtained with higher
precision than the one at known experiments on study of oxygen magnetism. The high precision could
be reached since we covered with oxygen the same sample at all the measurements. Then the extra
magnetization is only the difference between the magnetization measured at different coverage. The

precision we achieved allowed us to plot the extra magnetization as the universal function of applied
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magnetic field and temperature. For the first time we were able to claim that the extra magnetization
caused by carbon coverage with oxygen does not obey the Curie-Weiss law at low temperatures.
Electron emission from carbon nanoparticles deposited on metal coated-p+-Si wafer was
investigated. Field emission tests were performed in a vacuum chamber at the pressure of 1 107 Torr.
A positive voltage was applied to the anode using Keithley-248 and current was detected at the anode
as a function of the applied field. The anodewas phosphor coated ITO glass. The experimental data
were fitted into the Fowler-Nordheim plot. Carbon nanoparticles were treated under hydrogen plasma
of 100W in power. The effect of hydrogen plasma on emission properties of carbon nanoparticles was
estimated. The emission stability of carbon nanoparticles was tested. The field emission from our

particles was compared with that from carbon nanotubes showing good performance.
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Fig. 3.1.2.1. Schematic of the experimental setup to produce shell-shaped carbon nanoparticles
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@ Results and discussion

Using TEM images of collected particles we established that the flame irradiation by a CW CO,
beam leads at certain conditions to the transition of conventional soot generation to the formation of
shell-shaped hollow carbon nanoparticles. The typical TEM images of soot and shell-shaped particles
are given in Fig. 3.1.2.2 and Fig. 3.1.2.3, respectively. Without laser irradiation soot starts to generate
at a height about 10 mm from the burner edge. The HRTEM image of shell-shaped carbon
nanoparticles we synthesized is given in Fig. 3.1.2.3.. As one can see particles look like hollow
multilayer onions. We found the average number of graphene sheets to be about 15. The characteristic
distance between graphene sheets is about 3.45 A . As one can also see there are two different regions
in our particles, namely, flat and bent regions. The junctions between these regions (see arrow in Fig.
3.1.2.3.) are a considerable part of our particles. The TEM images (see Fig. 3.1.2.3.) clearly show the
uniformity and identity of the particles and the absence of any deviations in structure in a raw product
of acetylene conversion.

The typical X-ray diffraction pattern of shell-shaped carbon nanoparticles is given in Fig. 3.1.2.4..
The particle lattice parameters calculated from the FX-ray diffraction pattern assuming the hexagonal
structure are a = 2.44A and c= 6.90 A that corresponds to the intersheet distance observed in the
TEM image. The quite narrow (002) X-ray peak at about 25 has a non-perfect shape. It suggests the
possible presence of two kinds of carbon regions having a different structure. After deconvolution of
this peak, we obtained that (002) peak consists of a narrow peak centered at 25.74 " and a broad peak
centered at 24.53°. Obviously, the narrow peak corresponds to graphene sheets (the estimated
interlayer distance is 3.46 A ). Although the broad peak is usually ascribed to the presence of
disordered (amorphous) carbon phase, we consider that the broadness would be due to deformed
carbon regions at junctions between graphene layers. The absence of amorphous phase is discussed
below where results of ESR measurements are interpreted. The relatively large broad peak (its area is
2 times bigger than the narrow peak area) indicates a significant fraction of these bent sheets in our
particles. Then the mean interlayer distance at the bent region can be estimated from the position of
the broad peak as 3.63 A . The difference between the interlayer distances in the flat and bent regions
may be distinguished directly in the HRTEM image as well.
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Fig. 3.1.2.2. TEM images of soot collected at different heights. Scale bars represent 100 nm
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Fig. 3.1.2.3. TEM/HRTEM images of shell-shaped carbon nanoparticles.
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Fig. 3.1.2.4. X-Ray diffraction pattern from shell-shaped carbon nanoparticles
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In order to investigate particulate evolution in our flame we irradiated flame at different heights
applying different laser powers. It was found that flame shape changes dramatically when laser power
exceeding of 1400 W is applied at the height about 9 mm from the burner edge. The typical flame
photographs at different regimes of flame irradiation are shown in Fig. 3.1.2.5. clearly demonstrating
the change of flame conditions when irradiated at 9 mm. It should be noted that shell-shaped carbon
particle generation starts simultaneously with the change of the flame shape. The production rate of
shell-shaped particle generation is about 5 g/hour.

The quantitative information about the variation of flame conditions was derived from the
measured flame luminosity. When the flame is irradiated at positions, where soot exists and no change
in particulate properties is observed at any applied laser powers the flame luminosity only increases
continuously with the laser power. However, when the laser irradiates the flow at a position, where no
particulate is found, namely, at the height of 9 mm from the burner edge, and the laser power exceeds
a certain value (about 1400 W in our experiment), the flame luminosity changes abruptly. Fig. 3.1.2.6.
shows the flame luminosity at wavelength A= 600 nm vs. the applied laser power measured at
different flame heights. Note once again that shell-shaped particle generation starts together with the
abrupt jump of the flame luminosity.

In order to determine particle temperature when flame is irradiated we studied the ratio of the
flame luminosity with and without laser irradiation upon the wavelength. This ratio is given in the
Wien limit of the Planck function by

ln(I—’7L =ln(f’/ ]4— he ! _L
Lo Jvo kA T, T, (3.1.2.1)

where fV is the particle volume fraction and the subscript "0" denotes the value when there is no

laser irradiation. It is obvious that the slope of In(7 /Iy upon the inverse wavelength gives the change
of reciprocal particle temperature and allows one to derive the actual particle temperature. The result
of such a procedure made for measurements at different irradiated heights is given in Fig. 3.1.2.7.. The
abrupt jump of particle temperature is seen at the laser power about 1400 W when flame is irradiated
at 9 mm while temperature increases continuously at other irradiation heights.

Let us carefully analyze the variation of the flame temperature and the properties of generated
particles under the laser irradiation. Note that unlike the known papers on the laser-driven pyrolysis
when acetylene was photosensitized there is no gaseous species in the flow that are able to absorb the
laser irradiation in our case. It is worth noting that these shell-shaped hollow carbon nanoparticles are
formed within the laser beam during the time not exceeding 1 ms that is much shorter than a typical
time of 100 ms corresponding to occurrence of internal rearrangement processes in carbon. The fact
that only the irradiation case at the height of 9mm (where soot does not exist) generates carbon onions

clearly indicates that the generation is not related to the transformation of the existing soot that had
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been studied by others. Then we can conclude that we observed a previously unknown pathway of
acetylene conversion into crystalline nanocarbon. The distinctive feature of this pathway is a direct
graphitization occurring on the surface of a growing particle from nuclei instead of conventional
"mechanical" addition of acetylene and polycyclic aromatic hydrocarbons (PAHs) leading to
generation of amorphous soot. It is the laser irradiation that switches the regimes of particle
generation. Indeed, a mechanical agglomeration of gaseous species resulting soot formation does not
require overcoming a high activation barrier. In turn, the direct graphitization such as C;H,—2C+H,,
for instance, being an exothermic reaction is a highly activated one. Being absorbed the external
radiation brings the additional energy which allows the particle to be heated up in a critical way, i.e., a
temperature jump. The jump is caused by a non-monotonous dependence of overall heat release on the
surface of the particle growing from gas via an activated chemical reaction upon the particle
temperature. Such a non-monotonous dependence had been established when the surface growth of
oxide nanoparticles during metal combustion was considered. Obviously, at lower temperatures the
addition of gaseous species alone is possible while suppressing the activated surface chemical
reaction. The application of laser irradiation changes the situation. At a certain laser irradiance
exceeding the critical value the activation barrier can be overcome and surface graphitization reaction
occurs generating crystalline particles. Exothermic reaction heats up the particle further and enables
the temperature jump to occur. At the same time the carbon evaporation leading to the carbon clusters
generation with a high rate brings new nuclei into the system. The latter provides the self-sustained
process of the acetylene conversion. At the higher irradiated positions where the particulate has
already become amorphous soot via the conventional (PAH agglomeration) mechanism, the activation
energy becomes so large that the absorption of the laser irradiation even at the highest power used in
the study could not heat particles up to the graphitization temperature. Then it becomes understandable
why the switching from amorphous soot formation to the generation of shell-shaped hollow carbon
nanoparticles occurring in the critical way is possible in our experiment only at the certain irradiation
height.
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Fig. 3.1.2.5. Photographs of the flame at different irradiation conditions:
a. Without irradiation;

b. Height 15 mm, power 1500 W.
c. Height 9 mm, power 1500 W.
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Fig. 3.1.2.6. Flame luminosity at wavelength A=600nm vs. the applied laser power at different

flame heights. Values are normalized on the case of no laser irradiation.
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Fig. 3.1.2.7. Dependence of particle temperature upon the laser power at different irradiated
heights.
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Electron emission from our carbon nanoparticles deposited on metal coated-p’-Si wafer was
investigated. Field emission tests were performed in a vacuum chamber at the pressure of 1 107 Torr.
A positive voltage was applied to the anode using Keithley-248 and current was detected at the anode
as a function of the applied field. Anode was phosphor coated ITO glass. As shown in Fig. 3.1.2.8.,
the emission current of the order of microampere can be detected at the electric field of 2.5 ~ 3.8 V/m
depending on deposition time (number of turns). Onset electric field intensity of 2.5 V/m is similar to
the value reported for the carbon nanotubes. The experimental data were well fitted into
Fowler-Nordheim plot as shown in the inset of Fig. 3.1.2.8., which implies that electron transport
mechanism is governed by the Fowler-Nordheim model. Shell-shaped carbon nanoparticles were
treated under hydrogen plasma of 100W in power. The effect of hydrogen plasma on emission
properties of carbon nanoparticles was estimated. A significant degradation of the field emission
characteristics of CNTs was reported recently especially under O, ambient. The emission stability
should be fully addressed for commercialization of carbon nanoparticles as electron emitters in a field
emission display and various vacuum microelectronic devices. The emission stability of carbon
nanoparticles was tested and shown in Fig. 3.1.2.9.. In the vacuum of 1 x 107 Tor, the electron
emission from carbon nanoparticles was very stable and little degradation in emission current was
found in the 1 x 10 Torr of O, ambient, but a small degradation in emission current was detected at 5

x 10 Torr O, exposure.
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Fig. 3.1.2.9. Emission stablility of shell-shaped carbon nanoparticles
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3.1.3. Jet assisted aerosol CVD to control particle transport and deposition

® Introduction

It was proposed a novel aerosol CVD method utilizing high temperature internal jets in the
conventional silica tube reactor, and demonstrated the validity of the jet-assisted method for SiO,
deposition by not only achieving substantial increases of efficiency (and rate) of particle deposition,
but also by reducing axially non-uniform deposition zone significantly. In the present work, we
extended our earlier work (Choi et al. 2002) to multi-component deposition. The same principle of the
increase of thermophoresis and the reduction of particle travel distance by using a high temperature
mner jet will be applied to the enhancement of multi-component particle deposition of Si0,/GeO, as
shown in Fig. 3.1.3.1. Particularly, it is very important to obtain the uniformity of composition
(S102/GeQy), since controlling concentration of each component of the perform is essential to change
the optical property. The proposed jet-assisted CVD method for multi-component deposition is
expected to yield the enhancement of uniformity of composition as well as deposition efficiency and
the tapered entry length.

deppsition zone

OafHg torch

Fig. 3.1.3.1 Schematic diagram of jet assisted CVD method.

® Methods

The experimental setup for the multi-component deposition process used in the present work is
nearly the same as that in our earlier work (Choi et al. 2002). An oxy-hydrogen torch heats a rotating
silica tube of I.D. 28 mm and O.D. 32 mm and traverses at the constant speed of 10 cm/min over the
pass length of 50 cm following the one dimensional transport system. The rotating speed of the silica
tube is 60 rpm. High temperature jet gas is injected through a heated inner tube, which is inserted

mside the silica tube. Various chemical gases such as SiCls, GeCls and POCl; are entrained into a

37



silica tube by passing carrier gas, O,, through each liquid dopant source contained in the bubbler
whose temperature is maintained at 26 °C. The flow rates of carrier gas (O,), jet gas (helium or N,)
and fuels (H, and O,) are controlled and measured by mass flow controllers (respectively, TYLAN,
FC-260, FC-280SA, FC-280S, FC-2920). Two infrared thermometers and a B-type thermocouple
(Omega, Pt with 6 percent Rh Pt with 30 percent Rh) were used for measurement of the surface
temperature of the rotating silica tube and jet exit temperature of helium gas, respectively. Emissivities
of 0.98 for the high-temperature thermometer and 0.9 for the low-temperature thermometer were used
(Cho and Choi 1995). Each mass flow rate of SiCly, GeCl, and POCl; is obtained by measuring the
mass change of each bubbler for a given time interval during deposition process using the electronic
balance (OHAUS, GT-8000). Noting that the overall deposition efficiency can be obtained by
comparing the actually deposited particle mass with the maximum possible deposition mass, the

following relations could be suggested in multi-component deposition process:

B Atube (3.13.1)

Asicyx Msin | ooy x Macor 1o apocy x Mrzos.
SiCl4 MGeCl4 2

where 4 and M denote the weight change and molecular weight, respectively. The constant of 1/2 in
denominator results from the peculiarity of POCIl; oxidation (one mole of P,Os is generated from two
moles of POCI;). After deposition process, the perform is cut offinto pieces along the axial direction
so that the axial variations of the deposition thickness were examined under an optical microscope
(Mitutoyo, FS60) to determine the uniformity of particle deposition. Of interest for the
multi-component deposition process is the uniform composition of each component. EPMA, that is, an
electron probe micro analyzer (JEOL, JXA-8900R) is used to analyze the variation of composition
along the axial direction.

Major parameters of the present study for the verification of jet gas are the flow rates of helium
jets varying from 0.5 to 2.0 I/min and jet temperatures of 970 and 1050 °C while each mass flow rate
of SiCliand GeCl, is fixed as 1.43 and 0.27 g/min, respectively. A little amount of POCl; (0.05 g/min)
is used in order to reduce the process temperature. As mentioned earlier, it is required to analyze the
composition of the deposited layer (or concentration of each component) in the multi-component

deposition.

® Results and discussion

Fig. 3.1.3.2 shows the variation of GeO, mass fraction along the axial direction for conventional
and jet-assisted method with various temperatures when the helium jet flow rate is 1.5 I/min. The
composition for the case of the jet injection becomes uniform along the axial direction, while the
conventional method yields the non-uniform composition variations. It is observed that GeO, mass

fraction in jet-assisted is smaller than the one in the conventional case due to an inverse reaction of
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GeCly induced by high temperature jet gas. Accordingly, GeO, mass fraction decreases as the jet
temperature increases from 970 to 1050 °C. For the verification of reverse reaction of GeCls, mole
fraction of GeO; in the deposited layer for the conventional case was measured with various maximum
surface temperatures of silica tube, whichare somewhat higher than the temperature of the hot zone
inside the tube. Fig. 3.1.3.3 ensures the effect of reverse reaction of GeCly, that is, GeO, mole fraction
decreases as the maximum surface temperature. Generally, the maximum incorporation of GeCly
occurs at temperatures near 1850 K with smaller concentrations in the deposits at both lower and
higher temperatures (Nash et al., 1984). Fig. 3.1.3.3 is in a good agreement with the previous analysis
which suggested that the inefficient incorporation of GeCl, was due to a limited reaction rate for T <

1850 K and due to an unfavorable equilibrium in the oxidation of GeCl, for 7> 1850 K.
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Fig. 3.1.3.2 Axial variation of GeO, mass fraction for the conventional and the present

jet-assisted method for different jet temperatures at 1.5 1/min flow rate of helium jet.
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Fig. 3.1.3.3. GeO; mole fraction for various maximum surface temperatures; mass flow rates
of SiCl, and GeClsare 1.0 and 0.25 g/min, respectively.

After the deposition process, the perform was cut along the axial direction, then the deposition
thickness was measured by using the optical microscope (Mitutoyo, FS60) and scanning electron
microscope (JEOL, JSM-T200). Fig 3.1.3.4 shows the SEM image of deposited layer for the
conventional case (the axial position is 20 cm), when the deposition process was performed for 3
passes. It reveals that the deposition layer is sintered and its thickness for each pass is about 10 m.
From the above measurement, the axial profiles of particle deposition were obtained for different jet
temperatures (Fig. 3.1.3.5(a)) and for different jet flow rates (Fig. 3.1.3.5(b)). For the proper
representation of the variation of deposition thickness, the deposition mass instead of the deposition
thickness is used. The deposition mass can be obtained from the density of the measuring point and
the deposition thickness, which is directly related to the deposition volume. The density for the
measuring position was acquired from the composition by EPMA and the density of each component;
the values of density for SiO, and GeO; are 2.20 and 3.64 g/em’, respectively (Bailar ef al. 1973). As
shown in Fig. 3.1.3.5, the jet-assisted method yields more deposition mass than the conventional case.

Furthermore, Fig. 3.1.3.5(a) reveals that the deposition mass increases with the jet temperature
due to a higher thermophoretic force. Fig. 3.1.3.5(b) shows that the deposition mass increases with the
increasing jet flow rate up to 1.5 I/min. Whereas, further increase of jet flow rate above 1.5 V/min
results in the slight decrease of the deposition mass due to the increase of total inlet flow including
reactant gases. Cho and Choi (1995) have shown that particles are more easily swept downstream for

higher inlet flow rates, and as a result, the formation of particles may be limited near the tube wall. Of
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mterest in Fig. 3.1.3.5 is the axially non-uniform particle deposition zone from the torch starting
position, i.e., the tapered entry length. The present jet-assisted method yields the considerable
reduction of the tapered entry length; it is reduced from about 20 ¢cm in the conventional MCVD
process to 11~12 cm. Choi et al. (2002) have already shown that jet-assisted aerosol CVD method can
yield the considerable reduction of the tapered entry length for SiO, particle deposition, since the
radially injected jet gas pushes particles toward the tube wall, hence, shortens the particle trajectory
before deposition. Fig. 3.1.3.5 ensures that the same principle could be also applied to the

multi-component deposition process.

Fig. 3.1.3.4. SEM image of the deposited tube.
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Although the above results in Fig. 3.1.3.5 successfully demonstrated the validity of jet-assisted
method, these discussions are confined to the overall performance of particle depositionin the MCVD
process. Contrary to the single-component deposition process, it is required to analyze the deposited
layer of each component in the multi-component deposition. As shown in Fig. 3.1.3.6, the deposition
mass profile for each component along the axial direction can be easily obtained from the overall
deposition mass from Fig. 3.1.3.5 and the measured composition from Fig. 3.1.3.2. As one can expect,
it is observed that a significant improvement for the uniformity of the deposited film of each
component.

Since the oxidation of GeCls to GeO, proceeds incompletely resulting in the large portion of
GeCly in effluent gases, the overall efficiency of particle deposition, which is defined earlier, is
considered to be smaller in a multi-component than in a single component, particularly SiO,
deposition system. Noting that the overall efficiency is the ratio between the deposited mass and
maximum possible particle mass, the incomplete conversion into particles yields relatively low
efficiency. In order to support the above discussion firmly, the efficiencies were examined for various
GeCls mass flow rates from 0.2 to 1.0 g/min, while SiCl4mass flow rate is fixed to 2 g/min. Since the
efficiency of particle deposition varies with the inlet flow rate (Cho and Choi 1995), itis needed to fix
the total amount of the gas mixture entrained into the silica tube for the exact comparison. Hence, total
inlet flow is kept at a constant value of 1.92 1/min with various excess O. It is observed that the
overall deposition efficiency decreases with increasing the GeCls mass flow rate in Fig. 3.1.3.7.

Fig. 3.1.3.8 clearly shows that the overall deposition efficiencies increase considerably at
injecting high temperature helium jet radially. In the present study, the deposition efficiency for the
conventional case is 32 %. As jet temperature increases, efficiencies increase significantly. For the jet
temperature of 970 °C, the deposition efficiencies are found to be enhanced to 40 %, 45 %, 47 % and
46 % for jet flow rates of 0.5, 1.0, 1.5 and 2.0 I/min, respectively. For jet temperature of 1050 °C, the
similar trend can be observed, in which efficiencies become 45 %, 47 %, 49 % and 47 % for each jet
flow rate. The results are summarized in Table 3.1.3.1. Therefore, the present jet-assisted aerosol CVD

achieved approximately 53 % increase of efficiency (and rate) from the conventional method.
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Table 3.1.3.1. Particle deposition efficiencies for different jet flow rates and jet temperatures.

Jet flow rate (I/min)

0.5 1.0 1.5 2.0

970 40% 45% 47% 46%
Jet temperature (*1.5%) | (£1.6%) | (£1.6%) | (£1.6%)

0

(€] 1050 45% 47% 49% 47%

(*1.5%) | (£1.6%) | (£1.6%) | (£1.6%)
Conventional MCVD 36% (£1.8%)

Note that there is the optimum jet flow rate for the enhancement of overall efficiency as
examined in Fig. 3.3.3.5. We also performed the case in which helium is simply added to the stream of
carrier gas (SiCly, GeCly, POCl; and O;) using the conventional method without the inner tube. Since
the deposition efficiency could be improved by simply adding helium in the conventional MCVD
(Akamatsu et al. 1977; O'Connor et al. 1977), it is required to examine whether the observed increase
of efficiency is due to the addition of helium or not. As shown in Fig. 3.1.3.8, deposition efficiencies
for jet-assisted cases substantially exceed the cases with simply adding helium gas in the conventional
method. This conclusively confirms that the present jet-assisted method is more effective.

For the practical use of the present jet-assisted MCVD method, it is required that the validity of
another jet gas which is much cheaper than helium should be examined. Here, nitrogen is used as jet
gas in substitute for helium. Fig. 3.1.3.9 shows the overall deposition efficiency for different jet gases;
the jet temperature is fixed to 980 °C. It is observed that nitrogen jet gas injection yields the increase
of efficiencies as much as the case of helium jet gas. It should be noted that the maximum efficiency
occurs at flow rate of 0.37 I/min for nitrogen, while helium jet gas yields the maximum efficiency at
1.5 Vmin. It has been reported that helium with high thermal diffusivity makes sure the improvement
of deposition (Akamatsu et al., 1977; O'Connor et al., 1977). Although nitrogen has diffusivity lower
than that of helium, smaller amount of nitrogen yields the enhancement of efficiency as much as

helium.
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Fig. 3.1.3.9. Overall efficiencies for different jet gases.

This result can be explained by considering the difference of molecular weight between two
gases. Noting that the present method utilizes the high temperature jet gas pushing the particles into
the inner surface of tube wall, the jet gas with high density is expected to have an advantage over the
gas with relatively low density, which is attributed to more inertial force supplied to particles.

Therefore, the smaller amount of nitrogen than helium yields the similar effect on particle deposition.
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3.1.4. Electrospray assisted CVD for synthesis of unagglomerated nanoparticles

® Introduction

Nanoparticle preparation has been of considerable interest for the manufacture of nanophase
materials that have unique and improved propertiessuch as lower melting temperature, enhanced
catalytic activity and higher self-diffusion coefficient, compared to conventional coarse-grained
materials.Chemical vapor deposition (CVD) is one of the most typical gas-phase aerosol processes for
producing high-purity nanoparticles. However, the generated nanoparticles in CVD processes are in
the form of aggregates due to their coagulations in the high temperature. Recently, many attempts
have been tried to combine the ionization of gases or the unipolar charging of particles into CVD
methods to generate non-agglomerated nanoparticles because unipolarly charged particles undergo
mutual electrostatic repulsions, and hence, have reduced particle collisions and growths.

Xiong et al.(1992) theoretically showed that electrical charges during gas-phase particle
generation process can reduce the average particle size and narrow the broadness of the size
distribution. Adachi et al.(1995, 1999) applied the ionization CVD methods using a radioactive source
and corona discharger to the development of a particle-free film formation process. Choy et al.(2000,
2002) developed a cost-effective deposition technique which is referred to as electrostatic spray
assisted vapor deposition (ESAVD) to fabricate various nanocrystalline films. ESAVD involves
spraying atomized precursor droplets across an electric field, where the charged droplets undergo
decomposition and/or chemical reactions in the vapor phase in the vicinity of the heated substrate.
Using this method, they produced stable, solid films with good adhesion to the substrate.

In addition, for the application to the quantum electron device, the research on the patterning of the
charged nanoparticles has been made recently (Krinke et al., 2001). In this case, bipolar charger such
as >*' Am and Kr was used for the charging of the particles. However, its charging ratio is too small
(for example, about 10% at a diameter of 30 nm) to prepare patterning samples at a high deposition
rate. Furthermore, a differential mobility analyzer (DMA) is needed for producing unipolarly charged
monodisperse nanoparticles. Therefore, in the application of future quantum electrical devices,
one-step process to produce unipolarly charged nanoparticles without any additional attachments (i.e.,
charger and DMA) is required. Ahn et al.(2001) recently reported an electrospray assisted CVD
(ES-CVD) method to synthesize non-agglomerated and unipolarly charged nanoparticles in the
reactor. They injected tetraethyl orthosilicate (TEOS) liquid precursor directly into the high
temperature reactor by an electorospray method and produced less agglomerated SiO; particles
compared to a conventional vapor-feeding (evaporation) CVD method. The generated particles were
charged by a fraction of about 80%. In this work, the production of much smaller, non-agglomerated,
narrowly size-distributed and unipolarly chafgedspherical nanoparticles by the electrospray assisted
CVD method has been experimentally studied through a precise control of electrospray. For
determining the versatility of this ES-CVD method, titania and zirconia nanoparticles as well as silica

were produced and their sizes and morphologies were investigated.
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©® Methods

The experimental setup used in this study is shown in Fig. 3.1.4.1. The system consists of an
electrospray source, a tube-type CVD furnace and an electrostatic sampler. The electrospray capillary
was made of stainless steel with an inner diameter of 300 m. A stainless steel tube of 1/4, 10 mm apart
from the capillary, was used as a counter electrode. Liquids were supplied into the capillary nozzle by
a high resolution syringe pump (Model PHD 2000, Harvard Apparatus) and a high voltage of 2-4 kV
was applied to the capillary nozzle through a high DC voltage source (HER-10R3, Matsusada Co.
Ltd.). In all our experimental cases, electrosprays were generated at the positive polarity. The counter
clectrode tube was connected to an electrometer (model 6512, Keithley Instruments Inc.) for
measuring the electric current carried by electrospray and the stability of the spray was monitored by
this current. For the accurate monitor of a stable spray, spray conditions were precisely observed by
means of a CCD camera and TV monitor. Tetraethyl orthosilcate (TEOS, Si(OC,Hs),), titanium
tetraisopropoxide (TTIP, Ti(OCsH)s) and zirconium tetra butoxide (ZTB, Zr(OC4Hs)s 50 vol. %
solution in 1-butanol) were used as liquid precursors for the synthesis of SiO,, TiO, and ZrO,
particles, respectively. These liquids were directly electrosprayed for generation of charged
precursors. N> gas of 1 I/min was used as a carrier gas. Sprayed droplets and consequently their vapors
werecontinuously introduced into a CVD furnace reactor, which hadtwo heating zones, each of 120
mm length and 13 mm inner diameter. Metal oxide nanoparticles were generated by the thermal
decomposition of the precursor vapors in the high temperature region of the reactor maintained
between 700 and 850 °C. For determining the particle charging effect on the size and morphology of
particles generated in the reactor, the precursors were also fed into the CVD reactor via a conventional
evaporator which containsa syringe pump for delivering liquids at a known rate.Same concentrations

of the precursors were used in both electrospray and conventional evaporation method for comparison.
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Fig. 3.1.4.1. Schematic of experimental apparatus for electrospray assisted CVD.

® Results and discussion

Let us compare the morphology of nanoparticles produced by electrospray assisted CVD
(ES-CVD) and conventional CVD method. Fig. 3.1.4.2 shows the SEM images of silica nanoparticles
generated by these methods. In each case, precursor vapor concentration was 1.5 x10° mol/L. The
pictures indicate a definite difference in the morphology of the produced particles in two methods. In
the conventional method, considerably agglomerated silica particles were produced as expected. In the
ES-CVD method, however, isolated and non-agglomerated nanoparticles were obtained even though
primary particle sizes were almost the same in both cases. The morphology of uncharged (i.e.
unsampled) particles was examined in the rear of the electrostatic sampler. A small amount of
agglomerated particles was also detected. However, their fraction was still small compared to the
conventional case shown in Fig. 3.1.4.2(b).

Fig. 3.1.4.3(a) shows the general physics of the gas-to-particle conversion process in conventional
CVD. The CVD method involves complicate phenomena such as chemical reaction, condensation,
evaporation, coagulation and sintering. In particular, both coagulation and sintering affect the final
size and morphology of particles (Nakaso et al., 2001). Therefore the produced particles are usually
randomly agglomerated and their size distributions are widely dispersed (6= 1.4~ 1.6). However, in
the ES-CVD process (see Fig. 3.1.4.3(b)), coagulation and growth of particles were suppressed, and as
a result, the generated particles showed small size, spherical shape and narrower size distribution (o
¢~1.2). This is considered due to the effect of ions generated by electrospray. The details about ion
generation in electrospray and ion effect on the particles are discussed below.

Monodisperse and highly charged precursor droplets are generated by electrospray. These charged
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droplets are evaporated while being introduced into a CVD reactor with N; carrier gas. During the
evaporation of the charged droplets, it is considered that the ions are produced by the following two
processes.

One is usually referred to as the charged residue model (CRM) and was first proposed by Dole et
al.(1968). As the solvent evaporates and a droplet shrinks, the charge density in the droplet surface
increases. If the electric field of the droplet surface is equal to the surface tension, the droplet becomes

unstable (Rayleigh, 1882) and the droplet explodes into smaller

Fig. 3.1.4.2. Comparison of size and morphology between silica nanoparticles generated by
ES-CVD and (b) conventional CVD. The generation temperature is 850 °C.
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Fig. 3.1.4.3. Processes of particle formation in
(a) conventional CVD and (b) ES-CVD.

ones via the so-called Coulomb fissions and droplet evaporations are repeated and continued until the
small droplets are converted into gas phase ions. This process is usually used to explain the generation
of large mass of ions and clusters. Another process is the ion evaporation model (IEM), originally
proposed by Iribarne and Thomson (1976). This modelalso initially involves solvent evaporation and
droplet Coulomb fission. However, for the case of small droplets of about 10 nm, these droplets
remain below the Rayleigh limit through the dissociation of ions from the droplet surface (i.e. ion
evaporation) before these droplets reach the Coulomb fission stage. Small single ions are usually
generated by this process. Fig. 3.1.4.3(b) shows the particle formation process supposed in the
ES-CVD. The ions generated by either of two processes described above are mixed with the precursor
vapors and introduced into a reactor. These ions probably act as seeds for ion-induced nucleation
or/and they are attached to the particles already synthesized by homogeneous nucleation. Therefore,
the most of the synthesized particles are charged. In particular, ions generated in electrospray are all
unipolar, and thus, all charged particles have single polarity. Repulsive forces work among the
unipolarly charged particles and the coagulations of the produced particles are suppressed by the
forces. _

The effect of precursor concentration on the nanoparticles produced by the ES-CVD was
investigated. Fig. 3.1.4.4 shows the SEM images of silica nanoparticles generated with different
precursor vapor concentration (i.e. feed rate of liquid precursor). The change in the geometric mean

diameter measured from SEM image analysis with the precursor vapor concentration is shown in Fig



3.1.4.5. These figures clearly indicate that the particle size increases with increasing the precursor
concentration. Therefore, the diameter of the produced particle can be easily controlled between about
10 nm and 40 nm by changing the feed rateof precursor. Non-agglomerated spherical nanoparticles
were obtained at the low precursor concentration. However, at the higher precursor concentration,
more or less agglomerated nanoparticles were also discovered. This is probably due to not enough ions
for suppressing the coagulations of the particles generated at a higher concentration condition. In order
to control the morphology of the particles generated at a higher precursor concentration, more charges

should be introduced into the reactor by means of another additional ion source.

1.5 x 10 "mol/L 1.5 x 10°mol/L 3.7 x 10°°mol/L

Fig. 3.1.4.4. SEM images of the silica nanoparticles generated under various precursor

concentrations. The generation temperature is 850 °C.
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Fig. 3.1.4.5. Change in the geometric mean diameter of silica nanoparticles

with precursor concentration.

In addition to silica nanoparticles, titania and zirconia nanoparticles were also synthesized using
the ES-CVD. Fig. 3.1.3.6 and Fig. 3.1.3.7 show the SEM images of titania and zirconia nanoparticles,
respectively. In each figure, (a) and (b) parts represent the nanoparticles generated by the ES-CVD
and conventional CVD method, respectively. As is seen from the figures, non-agglomerated titania
and zirconia nanoparticles were able to be obtained through the ES-CVD method. Therefore, this
ES-CVD is certainly a useful method for the synthesis of non-agglomerated and unipolarly charged
nanoparticles for a variety of materials. Furthermore, this ES-CVD presents possibilities to be applied
to patterning process using unipolarly charged nanoparticlesand to the synthesis of multi-component

nanoparticles by mixing several precursors or introducing multi electorspray sources.
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Fig. 3.1.4.6. Comparison of size and morphology between titania nanoparticles generated by
(a) ES-CVD and (b) conventional CVD.
The generation temperature is 700 °C.

Fig. 3.1.4.7. Comparison of size and morphology between zirconia nanoparticles generated by
(a) ES-CVD and (b) conventional CVD.

The generation temperature is 700 °C.
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3.1.5. Nano-oxide generation by metal combustion

® Introduction

Over several decades, the study of crystalline lattice defects has derived a considerable impetus
from the need to understand the control exerted by defects on most technologically important
properties of solids. Among different types of structures investigated, MgO 1is in the forefront of
research. Having the simplest (rock-salt) lattice structure and the large energy gap MgO is a suitable
ground to test theoretical models describing properties of defects and to compare their prediction with
experimental results. One of key-role defects being studied in MgO crystals is Mn®" (Low, 1957;
Watanabe, 1960; Powell, 1960; Walsh, 1961; Feher, 1964; Solomon, 1966; Koidl, 1976; Rubio, 1979;
Du, 1985; Kuang, 1988; Yu, 1989; Gordon, 1989), which substitutes magnesium in octahedral sites.
The interest for MgO:Mn’" structure is caused by both the easiness of preparation of this valence state
of the manganese ion in MgO host and the clear way of its theoretical description. However, despite
the long history ofstudies, there has been no direct observation of an excited state of Mn*"ion in MgO
whose energy is a subject of theoretical debates (Du, 1985; Kuang, 1988). Note that the excited states
of Mn’" in octahedral sites in some different matrices (Langer, 1965; Langer, 1966; Greene, 1968;
Bantien, 1988; Yamashita, 1997) as well as the states of Mn** in MgO (Prener, 1953; Henderson,
1968; Dunphy, 1990) are known to produce sharp zero-phonon lines (ZPLs). ‘

In the present research we report for the first time the observation of ZPLs originating from
clectron transitions of Mn’" ion in MgO matrix. These lines were observed in macroscopic
photoluminescence (PL) from nanocrystals synthesized by combustion. To our best knoweledge this is
the first observation of extremely sharp emission lines from nanocrystals. Note that it was believed
that the nanosize would broaden the lines. The simultaneous appearance of a pair of zero-phonon lines
in PL from transition metal defects as in our system has not yet been reported as well. The values of
energies of observed lines allow one to choose the crystal-field strength in MgO which magnitude is
one of the main parameters being used in the theoretical modeling. Taking into account the recent
finding on carbon nanotubes growth on MgO nanocubes and the prediction of a new type of nanoscale
optoelectronic circuitry based on MgO nanocrystals, our finding becomes very important for

applications.

® Methods

The nanocrystals of MgO were synthesized by burning out Mg particles in air as described
elsewhere (Shoshin, 2002). We used Mg particles (Alfa Aesar) with size about 2+4 mm and nominal
purity of 99.98%. Actually, the purity of Mg in use (that was checked with the inductively coupled
plasma (ICP) analysis) was higher and the main impurity was Mn with a content of 12.8 ppmw. The
MgO nanocrystals obtained after Mg particle burning were also checked with ICP to show Mn content
of 2.3 ppmw. The close value (about 3 ppmw) was derived from electron spin resonance (ESR)
spectra (see below). No other impurity was found in MgO. The synthesized MgO particles look
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perfect cubes (see Figure 3.1.5.1a) with the average size about 30 nm. In the same Figure the electron
diffraction pattern of the particles is presented. The electron diffraction ring pattern simulation
performed for MgO fits the experimental results demonstrating a good crystallinity of particles. X-ray
diffraction analysis also confirms it. By deposition the product of Mg combustion onto a substrate the

MgO films were also produced. Figure 3.1.5.2 shows transmission electron microscope (TEM)
pictures of such a film.

a

b v=9.446 GHz

' 3200 3400 3600
Magnetic field (G)

Figure 3.1.5.1. Structural characteristics of MgO nanocrystals.(a) TEM images. Inset shows the
electron diffraction pattern together with the ring pattern simulation. (b) Derivative
ESR spectrum of MgO nanocrystals. Sextet parameters (see text) correspond to Mn”*
ion in MgO host.
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Figure 3.1.5.2. TEM images of nanocrystalline MgO film. The electron diffraction pattern in
(a) confirms the high crystallinity of the film; (b) taken at a film edge region
demonstrates the film integrity.

By deposition the product of Mg combustion onto a substrate the MgO films were also produced.
Figure 3.1.5.2 shows transmission electron microscope (TEM) pictures of such a film. In order to
check the valence state of Mn ion in MgO particles we carried out ESR measurements at X-band. We
found the sextet (see Figure 3.1.5.1b) with parameters g=2.0016 and 4=8110-4 cm™ corresponding to
MgO:Mn2+ system (Low, 1957) at both measurement temperatures (77 K and 300 K). The
peak-to-peak width of components at microwave power below the ESR saturation was about 0.5 G.
The narrowness of the ESR peaks together with the sextet parameters give evidence that all Mn®* ions
occupy cubic sites in our MgO particles. In order to measure PL MgO nanopowder was pressed into
pellets. The cryostat allowed to cool samples down to about 10 K. PL was excited by continuous-wave
(CW) He-Cd (exc=325 nm) and Ar-ion (exc=514.5 nm) for CW PL measurements, and by pulsed
Nd:YAG laser (exc=266 nm) for time-resolved photoluminescence (TRPL) measurements. The 150 W
Xenon lamp with a scanning monochromator was used in order to obtain photoluminescence
excitation (PLE) spectra. In all the cases the excitation density did not exceed of 1 W/cm’. At the PL
yield measurements the incident laser intensity was changed with metallic neutral density filters. The
spectra were detected with a 0.85 m double monochromator (SPEX 1403) equipped with a R943-02
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GaAs PMT (for CW PL and PLE measurements) and with a 0.5 m spectrometer (Acton Research)
equipped with an intensified photodiode array (1024 pixels) detector (TRPL measurements).

@ Results and discussion

The typical CW PL spectra measured at 10 K are shown in Figure 3.1.5.3a. Two sharp ZPLs are
clearly seen. At 10 K the first line peaking at 659.23 nm has a full width at half maximum (FWHM) of
0.7 \AA\ and the second one peaking at 735.45 nm has a FWHM of 1.9 . Note that unlike quantum
dots (QDs) which exhibit sharp lines only in microscopic PL (Notomi, 1996) (in the case when
emission from an individual QD is distinguished) our particles emit sharp lines in macroscopic PL
(when emissidn from all particles come to the detector). As one can see the second ZPL (the 735 nm
ZPL) is accompanied with conventional phonon replicas (Imbusch, 1981; Henderson, 1989), while the
first ZPL (the 659 nm ZPL) does not produce these replicas. The temperature evolution of ZPLs is
shown in Figure 3.1.5.3b,c. The intensity of the found ZPLs strongly depends on the measurement
temperature showing a temperature quenching. The line intensities vs. temperature are given in Figure
3.1.5.4a. The function 1//1+Kexp (-EA/T)] demonstrates a good fit to the experimental points. The
activation energy EA is of 360 K for the 659 nm ZPL and of 460 K for the 735 nm ZPL. The PL yield
that is a dependence of ZPL intensity, 7, upon the incident laser power, P, is shown in Figure 3.1.5.4b.
It exhibits I~Pn law with n1 (one- photon excitation). This dependence was observed for both the CW
excitation and the pulsed one.

The typical spectra measured at 10 K with the 5 sec gate at different delay times after the
Nd:YAG laser excitation are shown in Figure 3.1.5.5. The ZPLs broadness is caused by the low
spectral resolution of the spectrometer enabling to measure TRPL at a wide region. All the spectra
demonstrate similar features that corresponds to the similar decay of the ZPLs and the continuous
background. The decays of background luminescence at different wavelengths replotted from the
TRPL spectra are shown in Figure 3.1.5.6. Figure 3.1.5.7 demonstrates the luminescence decay of the
ZPLs.
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Figure 3.1.5.3. CW PL spectra. (a) PL spectra excited by different lasers at 10 K. Two sharp
ZPLs are clearly distinguished. (b), (c) Temperature evolution of the 659 nm
ZPL and the 735 nm ZPL, respectively. The spectra are offset. Measurements

were done under the Ar-ion laser excitation.
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excitation. The spectra are offset. The ZPLs broadness is caused by the low spectral

resolution of the spectrometer enabling to measure TRPL at a wide region.
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Figure 3.1.5.6. Decay of background luminescence at different wavelengths after the Nd:YAG laser

excitation at 10 K. Intensities are normalized to initial values.
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Figure 3.1.5.7. Decay of ZPLs luminescence after the Nd:YAG laser excitation at 10 K. Intensities are

normalized to initial values.

As one can see both the background and ZPLs show the characteristic luminescence decay time of
0.1 msec, though the background also experiences an initial fast decay.

In order to obtain the bare PLE spectra of the ZPLs we took the PLE spectra for emission exactly
at the ZPLs wavelengths and at the wavelengths shifted from the ZPLs on 1-2 nm. The PLE spectrum
at the wavelength close (but not coinciding) to a ZPL can be considered as the PLE spectrum of the
background at the ZPL wavelength. Then the difference between the PLE spectra at the ZPLs
wavelength and at those close to the ZPLs gives the bare PLE spectra of the ZPLs. These bare PLE
spectra of the ZPLs obtained at 10 K are shown in Figure 3.1.5.8. Note that the relatively high noise in
the PLE spectra is caused by the weakness of PL under the scanned Xenon lamp excitation.
Nevertheless, the similarity of the bare PLE spectra of both ZPLs can be concluded. The PLE spectra
show that ZPLs can be excited in a wide energy range. The latter corresponds to the ZPLs observation
under excitation with different lasers covering a broad range (laser wavelengths of 266 nm, 325 nm
and 514.5 nm). At room temperature no bare PLE spectra were found.

Let us analyze the experimental results. The ZPLs come from a forbidden electric dipole
transition. This is typical for transition metal ions (Imbusch, 1981; Henderson, 1989). Based on the
result of ESR measurements the transition metal ion in our case is Mn" in MgO matrix. For such
Mn”" ion in an octahedral environment other than MgO only one ZPL in luminescence is usually
observed. Such ZPL corresponds to the transition from the lowest excited “T;(*G) state onto the
ground 6Al((SS) state. Other excited states decay by the nonradiative relaxation dropping onto the
lowest excited state and PL from all excited states except the lowest one is suppressed (Imbusch,

1981). The appearance of two ZPLs in our system indicates that there is an excited state, which does
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not decay by the nonradiative transition. It may be possible if this state is weakly coupled with
phonons. Then a lack of phonon replicas for the 659 nm ZPL becomes clear. At the same time the
4T1(4G) - 6A1(GS) transition is characterized by a large value of the Huang-Rhys parameter (Imbusch,
1981; Henderson, 1989) giving the pronounced phonon replicas of the 735 nm ZPL. In order to
confirm that both ZPLs observed in the PL really belong to Mn we additionally measured PL from
nanocrystals with different Mn content. Such nanocrystals were produced by burning out Mg particles
at the presense of Mn-containing salt (MnCl,). For all impurity levels checked (up to a few hundreds
ppmw) intensities of both ZPLs increased with the Mn content increase. The ratio of intensities
remained constant, which allows one to claim that the same center of impurity is responsible for the
found ZPLs. Also we produced MgO:Cr’" nanocrystals that exhibited sharp lines at 698.07 nm
(R-line) and at 703.79 nm (N-line) (see Figure 3.1.5.9). This wavelength exactly coincide with that
reported for bulk MgO:Cr’* system (Imbusch, 1964; Larkin, 1973). The absence of Cr’'-originating
lines in MgO nanocrystals different from those in the bulk matrix confirms the absence of the specific
nanocrystal sites occupied by substituted ions, which existence might be brought in question in order
to explain the origin of ZPLs in the MgO:Mn’" system. The latter shows that the finite size of our
MgO nanocrystals does not affect the energy levels of a substituted ion.
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Figure 3.1.5.8. Bare PLE spectra of ZPLs taken at 10 K. The spectra are offset.
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Figure 3.1.5.9. PL spectrum from nanocrystalline MgO doped with Mn and Cr excited by
Ar-ion laser at 10 K.

We have to emphasize that despite many years of MgO:Mn’'study ZPLs have not been reported
previously even for bulk neither in emission nor in absorption. Then the exact values of energy levels
of Mn""ion in octahedral sites of MgO have not been known for such (probably the simplest)
transition ion crystalline matrix system.

Let us assign the 659 nm ZPL for a transition by using the Tanabe-Sugano diagram for the 3d5
system (Tanabe, 1954; Knig, 1977). As we noted before the 735 ZPL undoubtedly comes from the
‘T.('G) - 6A1(GS) transition. The energy of this transition corresponds to Dg/B 1.5 where Dq is the
crystal-field strength and B is the Racah parameter. Note that such a large value of Dg/Bcorresponds to
latest calculations (Yu, 1989)}. At so high a value of Dg/B the next state *T»(*G) coming from splitting
of the *G$ term in the crystal field lies at about 5000 cm-1 higher than the “T1(*G) state. Since the
energy difference between ‘T°(*G) and *T,(*G) states is more than three times larger compared to the
distance between two observed ZPLs then the 659 nm ZPL can not come from the 4T1(4G) - 6A1(6S)
transition. At the same time the large energy separation between two ZPLs observed (about 1500 cm’)
does not allow one to assign the 659 nm ZPL for the $°T;(*G) - SA;(°S) transition of Mn®'ion in a site
other than the octahedral one as far as the 735 nm ZPL is assigned to the *T,(*G) - 6A1(6S) transition of
Mn”" ion in the octahedral site. However, at Dg/B~1.5 a state coming from splitting of the 2I term
appears within the needed energy region and matches observation. We claim that just the transition
from this state onto the ground °A;(°S) state gives the 659 nm ZPL. Then, because states from
different electron terms are responsible for two observed ZPLs two essentially different Huang-Rhys
parameters may correspond to the transitions. It leads to the absence of phonon replicas for the 659 nm
ZPL (which is likely weakly coupled withphonons) and the existence of them for the 735 nm ZPL.
Note that the idea similar to ours which uses $”2I$ term in order to match the experimental data to the
Tanabe-Sugano diagram was previously applied to ZnS:Mn”" system (Langer, 1965). The authors
(Langer, 1965) also discussed how so strongly forbidden free-ion transition between the ground state
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°S and the I level becomes allowed in the presence of the crystalline field. Note once again that
although the above idea utilizing ’I term in order to explain the origin of the 659 nm ZPL looks
unconventional, it is the only way to explain so unforeseen a fact as an appearance of the second ZPL
originating from the same transition ion in the matrix (which to our best knowledge has not been
observed previously).

As one can see in Fig. 3.1.5.7 both ZPLs exhibit a similar luminescence time decay. It seems to be
difficult to explain how the lines arising from different spin manifolds can have the same lifetimes.
Even transitions originating from the same level of ions occupying different sites should have different
lifetimes. Then we have to conclude thatthe luminescence decay shown in Fig. 3.1.5.6 has nothing to
do with the pure radiative lifetimes of emitting states (which can be sufficiently short in nanocrystals
(Yan, 1998; Smith, 2000) and the luminescence decay time likely corresponds to the time decay
ofstates exciting ZPLs. If the ZPLs are excited from the same states (see below), then the similarity of
the time decay for both ZPLs becomes clear. The decay of background luminescence similar to the
ZPLs decay (see Figs. 3.1.5.5-7) gives an evidence that the long time background luminescence is
excited by the same mechanism as the ZPLs are (from the same states). Note that the fast decaying
part of the backgroung luminescence (lying beyond the present research) may be attributed to the
luminescence of F-centers (Rosenblatt, 1989).

The next question that should be discussed is why ZPLs found in the present paper have not been
observed previously despite numerous studies of the MgO PL. The answer to this question is
important in order to understand our finding. Note that ZPLs originating from Mn’"transitions in cubic
crystalline field were seen before only in PL of narrow-band materials. The thermal quenching and the
PL yield observed in the present paper for ZPLs are similar to those for the PL, when the emitting
states are excited from some close electron states. For such a wide-gap substance as is MgO these
states should lie deep inside the forbidden band and therefore can not exist in ordinary MgO crystals.
Then the energy transfer between the environment and excited states of Mn”" ion does not occur
making the Mn’'ion excitation impossible. It explains why in usual MgO crystals ZPLs were not
observed. Note that if nanoparticles are generated by vapor condensation during combustion a high
concentration of structural defects in particle substance takes place (Altman, 2001; Pikhitsa, 2001). It
appears due to the fast rate of particle formation and exhibits itself via anomalously high light
absorption found in our recent studies of wide-gap nanooxides (Shoshin, 2002; Altman, 2001;
Pikhitsa, 2001). Just the presence of these defects, which is a distinctive feature of particles
synthesized by combustion, leads to the existence of states deep inside the forbidden band and to the
possibility to excite a Mn’" jon in MgO matrix and therefore to the appearance of the
Mn2+-originating ZPLs in PL. This idea of the ZPLs excitation corresponds to the observed similarity
of the PLE spectra (see Fig. 3.1.5.8), which give the information about the density of states exciting
the ZPLs. It should be added that the easiness of the excitation of the Cr3+-originating ZPLs even in
bulk is related to a specific charge state of the Cr’* ion which itself is a defect in the MgO matrix.

The present paper demonstrates that combustion nanooxides give wayto excite perfect ZPLs from
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them unlike nanocrystals synthesised in another way (Bulyarskii, 2000). We believe that the
combustion nanocrystals can be utilized in optical nanodevices due to extraordinary discreteness of the
system energy levels with the performance better than that of QDs. It can be a breakthrough in optical
nanoelectronics taking into account the recently reported carbon nanotubes-MgO circuitry that can

provide a local access to optical elements of nanoscale.
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3.1.6. Patterning of nanoparticles

® Introduction

Nanoparticles have been of great interests in the manufacture of nanomaterials or
nano-structured materials since they have unique physical properties (electrical, optical,
magnetic, and mechanical) compared to the bulk materials. For example, nanoparticles can
display lower melting temperature, higher self-diffusion coefficient and enhanced catalytic
activity. Their properties are greatly dependent on their size, morphology and crystal phase,
which motivates many researchers to attempt to control these parameters of nanoparticles. The
application of the nanoparticles in electronic device structures such as quantum devices, field
emission display, and single electron transistors requires the precise control of their size and
the accurate assembly of their position onto the desired patterns in two or three dimensions.
New approaches for the nanoparticle patterning, thus, have been recently explored.

Mesquida and Stemmer used atomic force microscope (AFM) to draw local charge
patterns on a substrate by applying voltage pulses between the tip and the substrate and then
deposited colloidal nanoparticles on the charge patterned substrate. Similarly, Krinke et al.
described a method to pattern aerosol nanoparticles with narrow lines using a contact charging
between a sharp metal tip and an insulating substrate. Though these approaches can fabricate
nanoscale patterns with the resolution of 100 nm, the fabrication of such charge patterns using
the methods is too time- consuming. Jacobs and Whitesides have developed a parallel charge
pattern process based on soft lithography to overcome the time lag. The process uses a
conductive flexible polydimethylsiloxane (PDMS) stamp to pattern an electret thin film by
injecting and trapping charges over areas of ~1 cm2. With this PDMS stamp, the directed
deposition of nanoparticles from a powder, gas phase aerosol and liquid phase suspension onto
charge patterns was demonstrated and the accomplished resolution reached about 800 nm.
Recently, Krinke et al. reported the deposition of monodisperse and spherical nanoparticles
(the most desirable particles in many potential applications on nanotechnology) from gas phase
on oxidized silicon surfaces by the transfer of charge patterns using a PDMS stamp printing.
However, the nanoparticle patterns were arbitrarily formed irrespective of the stamp patterns,
and thus, the pattern sizes were largely deviated from those of the stamp. The reason was
mainly due to the less-smooth stamps with cracks produced during the metallization of the
stamps.

In this article, we report a parallel process for accurate nanoparticle patterns onto the
substrate by means of combining nanoparticle mobility control and the contact charge transfer
through gold coated PDMS stamp. PDMS stamps were coated by metal with a sputter method
instead of a thermal evaporation to reduce buckles on the stamps. Nanoparticle line patterns
with the resolution of 500 nm were successfully made on the substrate and the particle

patterns were nearly consistent with those of the stamp. To our knowledge, 500 nm line
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patterns probably represent the highest resolution so far achieved through parallel methods for

nanoparticle patterning.

® Methods

Figure 3.1.6.1 shows the experimental apparatus to generate, classify and deposit aerosol
nanoparticles. The system mainly consists of a tube furnace, a 2'°Po radioactive neutralizer, a
differential mobility analyzer (DMA, modified from a Vienna DMA) and a sampler for
collecting  aerosol particles. Silver aerosol nanoparticles are generated by an
evaporation-condensation method. Ag wool-typed material is evaporated in a tube fumace at
the temperature of 1000°C and condensed into particles in a cooling system (~ 10°C). The
particles continue to grow by their coagulations, which lead to polydisperse aerosols with
diameters in the range of 5-50 nm. The particles carried with a clean nitrogen gas at a
constant flow rate of 1 Vmin are bipolarly charged by passing in a >'°Po radioactive
neutralizer and then introduced into a DMA. DMA is an instrument used to sort nanometer
particles, with high accuracy, according to their electrical mobilities (or sizes) while keeping
them suspended in gas phase. Singly charged monodisperse (equal-sized) nanoparticles can be
classified by applying the appropriate electric field in the DMA and these charged particles
are then fed into a sampler in which a charge patterned substrate is placed in the center.
These singly charged particles are deposited onto the charge patterned dots or lines having the
opposite polarity to the particles. No external electric field is applied to the sampler. In all
experiments, Ag mnanoparticles with a diameter of 20 nm were selected through DMA for
pattern deposition.

Charge patterned substrates are prepared by contact charging with PDMS stamps. The
PDMS stamps are fabricated by cast molding. The PDMS elastomer used in this study is
Sylgard 184 obtained from Dow Corning. The elastomer is mixed at a 10:1 ratio with its
curing agent to obtain PDMS viscous solution and then placed in a desiccator for about 1 hr
to remove bubbles generated during mixing. Figure 3.1.6.2 shows the procedure for fabricating
a conductive PDMS stamp. Masters are patterned by means of an electron beam lithography
with a pattern generator working at 30 keV energy. PDMS viscous solution is poured on top
of the master having a relief structure on its surface and then cured at 100°C for 1 hr, and
then, released from the master. The area of the stamps is 1 cm’. The patterned surface of the
PDMS stamps has to be electrically conductive to allow contact charging. Metal coating was
made on the surface of the PDMS stamps by a sputter method instead of a thermal
evaporation which has been known to cause cracks or buckles on the surface of PDMS
during cooling procedure. The 4" wafers supporting the PDMS stamps were mounted 15 cm
away and 25 degree tilted from the metal source in a sputter system. The stamps were
rotated at 10 rpm to get a uniform layer. A 10 nm thin layer of Cr was coated as an

adhesion promoter on the stamp and then a 90 nm thick layer of gold followed. The sides of
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the PDMS stamps were simultaneously coated by the sputter system. Cracks or buckles which
probably hinder a perfect contact charge transfer from the stamp onto the substrate were
overcome by this sputter coating approach.

Figure 3.1.6.3 shows charge-pattern transfer and nanoparticle deposition processes.
Polymethylmethacrylate (PMMA, 0.1 um film on a silicon wafer) was used as a charge
storage medium. <100> p-doped silicon wafer was cleaned with 1% solution of hydrofluoric
acid to remove the native oxide. PMMA was coated on the wafer by a spin coater and then
the PMMA-coated wafer was baked at 90°C for 1 hr under vacuum. PDMS stamp was
moved down and touched to the PMMA-coated substrate. A pulse voltage of -14V (100 Hz)
generated by a pulse generator was applied between the stamp and the back side of the

substrate for about 10 seconds to generate charge patterns onto the substrate.
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Figure 3.1.6.1. Experimental setup for the synthesis, classification and deposition of

monodisperse nanoparticles.
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® Results and discussion

Figure 3.1.6.4 shows the size and morphology of silver nanoparticles deposited in the
present experimens. Nearly spherical silver nanoparticles with the controlled sizes could be
generated by the DMA classification depending on applied DMA voltages. These
size-controlled monodisperse nanoparticles are deposited onto the charge patterned substrate.
The generation of size-controlled spherical nanoparticles is considerably significant in the
nanoparticle pattern deposition because the patterned metal particles with different sizes maybe
exhibit the different characteristics, for example, different catalytic properties that may be used

for the growth of nanotubes or nanowires.

Figure 3.1.6.4. Transmission electron microscope
(TEM) images of silver nanoparticles classified at
different DMA voltages:

(a) -250 V (b) -450 V (c) -600 V (d) -810 V.

We improved the pattern deposition using the metal-coated PDMS stamps by a sputter as
an alternative method of a thermal evaporation. Figure 3.1.6.5(a) and (b) shows SEM images
of electrical conductive PDMS stamps coated with metals (Au: 90 nm/ Cr: 10nm) by a
thermal evaporator and a sputter, respectively. In case of the stamp coated by a thermal
evaporator, the metal layer on the stamp was not smooth but had cracks or buckles, as
expected. Thermal expansion and contraction of the PDMS stamp during the heating and
cooling processes may cause buckles on metal layer. When a sputter method was used

without any thermal process, the layer on the top of the stamp showed no cracks (see Fig.
3.1.6.5(b)).
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Figure 3.1.6.5. Microscope images of

electrical conductive PDMS stamps.
The PDMS stamps are coated with
metal (Au: 90 nm/ Cr: 10 nm) by (a)
a thermal evaporator and (b) a sputter
method.

Figure 3.1.6.6 shows (a) the shape of a PDMS stamp with arrays of 1x1 um’ sized dot
and (b) the resulting 20nm nanoparticle pattern deposition using the same stamp. The scanning
electorn microscope (SEM) image of the deposited nanoparticle pattern is in a good
accordance with that of the PDMS stamp. Charge pattern, therefore, was successfully
transferred to the substrate according to the accurate pattern size of the stamp. Nanoparticle
line patterns with a width of about 500 nm were also successfully accomplished as shown in
Fig. 3.1.6.7. A line-structured stamp (line width: 500 nm, pitch: 1.5 ym and the height: 1 p
m) was used to fabricate the line patterns (see Fig. 3.1.6.7(a)). To our best knowledge,
nanoparticle pattern with 500 nm wide lines would represent the highest resolution compared
to those of the most recent studies using the parallel pattern process. Pattern deposition with
100 nm wide lines was also attempted using this method and the result was shown in Fig.
3.1.6.8. Charge pattern was partially transferred to the substrate, and thus, some parts of the
line deposition were missed. Also, the widths of particle-deposited lines (~150-300 nm) were
wider than those of the stamp. As discussed later this poor pattern deposition with 100nm

resolution is due to imperfect manufacture of metal coated PDMS stamp. This result,
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therefore, would suggest that the particle pattern deposition can be possible even with near
100 nm resolution using this method, if well defined precise stamp can be fabricated.

Figure 3.1.6.9 shows atomic force microscopy (AFM) images of PDMS stamps: (a) 2D
and (b) 3D images of the stamp with arrays of a 1x1 pm’ sized dot and (c) 2D and (d) 3D
images of the stamp with arrays of a 500 nm wide line () 2D and (f) 3D images of the
stamp with arrays of a 100 nm wide line, respectively. As shown in Fig. 3.1.6.9(a)-(d), the
patterns of both 1x1 pm’ sized dots and 500 nm wide lines stamps show good uniformity
and smooth structure. However, for the 100 nm line-patterned stamp, line patterns were
roughly structured and the heights of lines were also nonuniform (See Fig. 3.1.6.9(e) and (f)).
In the study of Jacobs et al, two parallel charge lines with about 220 nm width were
obtained by using a stamp carrying even 1 m wide lines due to slightly higher height at the
edge compared to the center of lines. Similar result was shown in the study of Krinke et al.,
where discontinuous two lines were formed at both edges of the lines of the stamp with a
width of 1 m. These are all due to the cracks in the metal layer of the stamps as mentioned
before. In our study, considerably uniform and smooth surface pattern structures have been
successfully fabricated even in the stamp with 500 nm lines by the sputtering metal coating
method without any thermal process, and thus, nanoparticle lines were deposited on the
desired patterns. The successful pattern deposition according to the pattern size of stamp is
mainly attributed to a well-patterned flat surface of the stamp and a perfect charge transfer
resulting from a good contact between the stamp and the substrate. For the 100 nm
resolution, we could not fabricate a well-patterned mold, and thus, the resulting stamp was
also poorly made in patterns. Further studies, therefore, are required to fabricate uniformly
structured stamps as well as to metalize the stamp without any deformation of the pattern of

the stamp for achieving 100 nm resolution.
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Figure 3.1.6.6. Scanning electron

micrographs of (a) a PDMS stamp with
arrays of a I1x1 m2 dot and (b) the

resulting nanoparticle pattern deposition.

76



Figure 3.1.6.7. Scanning electron

micrographs of (a) a PDMS stamp
with 500 nm width lines and (b) the

resulting nanoparticle pattern deposition.
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Figure 3.1.6.8. Scanning electron

micrographs of (a) a PDMS stamp
with 100 nm width lines and (b) the
resulting nanoparticle pattern

deposition.
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Figure 3.1.6.9. 2D and 3D AFM images of PDMS stamps. (a), (b) 1x1 pm?
sized dots; (c), (d) 500 nm wide lines; and (e), (f) 100 nm
wide lines.
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3.2. Development of new theoretical and experimental method for
non-spherical nanoparticle growth

3.2.1. Modelling of spatially 2D aerosol dynamics
3.2.1.1. Tubular furnace reactor

® Introduction

Furnace and flame reactors have been widely used to produce a variety of particles with different
sizes and morphologies. Most of these aerosol reactors are spatially non-uniform, therefore,
multi-dimensional systems (Gurav et al, 1993; Cho and Choi, 2000). Spatial transport mechanisms
such as convection, diffusion, thermophoresis, and deposition should be considered in these
multi-dimensional aerosol systems. Particles generated from gas phase reactions begin to grow as they
collide with one another. If every pair of the colliding particles is fused instantaneously, particles can
be assumed as unagglomerate shapes. Some solid particles that have finite characteristic times for
coalescence usually become non-spherical aggregates (Lee and Choi, 2000, 2002; Lee et al., 2001c¢).
These particles may coalesce to become more compact structures as they passthrough high
temperature zone. It is, therefore, important to understand the dynamics of non-spherical partiéles in
spatially multi-dimensional geometries.This would require accurate modeling of the growth and
transport of non-spherical polydisperse particles undergoing collision, coalescence, and nucleation n
multi-dimensional reactors.

Several non-spherical particle dynamicsmodels have been proposed during past ten years. To
characterize the size and morphology of aggregate particles, more than two properties of a particle
need to be introduced independently. Volume and surface area of an aggregate particle have been
often employed as two independent variables (Koch and Friedlander, 1990 Xiong and Pratsinis, 1993
Tsantilis and Pratsinis, 2000 Jeong and Choi, 2001). Xiong and Pratsinis (1993) developed an
elaborate two-dimensional sectional model, in which the term two-dimension implies the internal
coordinates, i.e., the particle volume and surface area. In the model, they divided the particle volume
and surface area domains into a finite number of sections, respectively, and calculated the transfers of
sectional particle volume concentrationbetween the divided sections as a result of coagulation and
coalescence. Though this model could produce very accurate simulation results if a sufficient number
of sections is used (Wu and Biswas, 1998), it requires extensive computation. Hence, it is very
difficult to apply this model to solve the spatially multi-dimensional problem of polydisperse,
non-spherical particle growth. The quite simple monodisperse model proposed by Kruis et al. (1993)
could be utilized for the simulations of spatially multi-dimensional problem. But this model inherently
cannot predict polydispersity; therefore, it could not simulate properly the problem having both
nucleation and growth simultaneously. Tsantilis and Pratsinis (2000) proposed a one-dimensional

sectional method assuming that the particle surface area in the given section would decrease
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monotonically due to coalescence effect, but they did not consider the effect of coagulation on the
change of surface area of aggregates. Recently, authors have developed a very efficient non-spherical
sectional model (Jeong and Choi, 2001). In this model, the particle volume domain alone is divided
into a number of sections and within each divided section, sectional equations for volume and surface
area conservations of particles are solved. This sectional method not only maintains as high accuracy
as that ofthe detailed two-dimensional sectional model (Xiong and Pratsisnis, 1993), but also reduces
the numerical computational load significantly. More specifically, it requires only about 1/1000 of
calculation time compared to the elaborate two-dimensional sectional model (Jeong and Choi, 2001).

Because of the excessive computational demands, previous numerical simulations on
non-spherical particle dynamics have been limited to spatially one-dimensional problems (Xiong et
al., 1993; Seto et al., 1997; Tsantilis and Pratsinis, 2000; Lee et al., 2001a, 2001b; Nakaso et al., 2001)
or assumed simplified monodisperse distribution of aggregates (Schild et al., 1999; Johannessen et al.,
2000). Previous studies on non-spherical particle dynamics are reviewed below.

Akhtar et al. (1991) investigated titania aggregate growth by comparing the particle size
distributions predicted by the spherical sectional model with the experiment data. The spatially
one-dimensional and spherical particle dynamics simulation underestimated the average sizes of
particles. However, a good agreement was obtained when a coagulation enhancement factor was
employed. Tsantilis and Pratsinis (2000) simulated titania particle growth in a tube furnace reactor
with their version of the aggregate sectional model. Assuming a plug-flow one-dimensional geometry,
they compared the predicted particle sizes with the experimental data of Akhtar et al. (1991). The
results of the aggregate aerosol dynamics model agreed better with experiment data than those of the
spherical aerosol dynamics model did. However, they did not take into account the multi-dimensional
effects of spatial transport processes inside the tube reactor. Johannessen et al. (2000) presented a
mathematical model for the growth of aggregate alumina particles, including the kinetics of
coagulation and coalescence, which was combined with calculations of the detailed fields of
temperature, velocity and gas species distributions in a two-dimensional co-flow diffusion flame.
However, they assumed monodisperse aggregate and primary particle distributions and instantaneous
particle nucleation. Schild et al. (1999) also used a monodisperse model for aggregate particle growth
interfaced to the commercial computational code FLUENT. It was demonstrated that there were
considerable spatial dispersions of gas mixture and aggregate particles as well. The monodisperse
model does not require heavy computationalloads and thus its application to the multi-dimensional
problems is straightforward. However, it should be noted that the monodisperse model cannot take
into account the effectof polydispersity of particle size distribution obviously; therefore, it performs
poorly especially when new particles form simultaneously together with collision and coalescence
processes, which often leads to a bi-modal particle distribution (Landgrebe and Pratsinis, 1990 Jeong
and Choi, 2001).

In summary, it is hard to find studies on the growth of polydisperse non-spherical particles in a

multi-dimensional reactor. Motivated by this, the present study carries out a numerical analysis of
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non-spherical polydisperse particle growth undergoing collision, coalescence, nucleation, convection,

diffusion, deposition and thermophoresis in a two-dimensional tubular reactor.

® Methods
Heat and mass transfer analysis in a two-dimensional tubular furnace reactor

Figure 3.2.1.1.1 is a schematic diagram of the two-dimensional axi-symmetric tubular furnace
reactorthat was used in the experimental study of Akhtar et al. (1991). Titanium tetrachloride (TiCls)
is introduced into the reactor with argon carrier gas and oxygen. Titania (TiO,) particles are generated
due to oxidation of TiCl; and move to the downstream undergoing coagulation, coalescence,
convection, diffusion, and thermophoresis. Some particles deposit on the reactor walls. To investigate
the evolution of aggregate particles, spatial transport phenomena should be incorporated in the particle
dynamics calculation. In the numerical analysis, it is assumed that particle formation and motion do
not disturb the flow and temperature distributions, since the volume fraction of the TiO; particles dealt
in the present study isnegligible compared to that of the gas mixture (see Figure 3.2.1.1.5b).
Continuity, momentum, energy and species equations of the gas mixture are first solved. Distributions
of velocity, temperature and species concentration fieldsare then used to simulate the aggregate
particle growth. Buoyancy effect is not taken into account because the average axial flow velocity is
sufficiently high. In most part of the reactor except inlet and outlet, the ratio of the Grashof number
over the square of the Reynolds number which indicates the ratio of the buoyancy force to the inertial
force is much smaller than unity (Gr/Re’= 0.001 ~ 0.1). Therefore, it is reasonable to neglect
buoyancy effect (Incropera and DeWitt, 1990). A finite volume method (FVM) based on the SIMPLE
algorithm (Patankar, 1980) is implemented to solve the laminar, axi-symmetric steady-state flow and
heat transfer. The continuity equation (Eq. (3.2.1.1.1)) and the generalized conservation equations for
velocity, temperature, and gas species (Eq. (3.2.1.1.2)) in a cylindrical two-dimensional coordinate are

described:

o(py) , 9pY) _,
ax or , (3.2.1.1.1)

pUa—¢+pV%=—?—(pl"%)+l—a—[rpl"—a—£)+Source, ¢p=U,V,T

,C;
Ox or ox ox) ror or (3.2.1.1.2)

The terms on the left hand side (LHS)in Eq.(3.2.1.1.2) describe the influence of convection, and
the first and second terms on the right hand side (RHS) describe diffusions or conduction. The last
term represents the source term due to the oxidation of TiCls (the rate constant and activation energy
for the reaction were obtained from Akhtar et al.,, 1990). 15*500 grid system was chosen for the
analysis of momentum, heat and mass transfers (Park et al., 1999) and less than 107 residues were set

for convergence. More details about the numerical techniques can be found elsewhere (Park et al.,
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1999).

Non-spherical particle dynamics in a two-dimensional tubular reactor
Following the recentlydeveloped sectional model for the analysis of growth of polydisperse
non-spherical particles (Jeong and Choi, 2001), each of two sets of sectional equations describes the

evolution of particle volume and surface area concentrations, respectively.
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where particle volume and surface area concentrations of the I-th section are defined by

= ff_, [nvidv, Q= f; [n(v)aldv (2115

and <H, represents the effect of surface area reduction due to coalescence.

The integrated properties of volume and surface concentrations of the 1-th section, Oy, and Qs,
are described per unit mass of the mixture gas to consider non-isothermal systems (Patankar, 1980;
Wu and Flagan, 1988). These two coupled sectional equations are solved simultaneously by taking
account of the spatial transport mechanisms (refer to Jeong and Choi (2001) for the definition of each
coefficient in Eqgs. (3.2.1.1.3) and (3.2.1.1.4)). Brownian particle diffusion is included in the first term

on the RHS of each equation. Here, D, and Dis are the sectional-average diffusion coefficients of

volume and surface area, respectively, as defined by:

K:—Tf D,dv

v (3.2.1.1.6a)

D,

5
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fDda
(3.2.1.1.6b)
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where D, the particle diffusion coefficient (Xiong and Pratsinis, 1993). From the relation of
D,/3
v
a=a,| — D .
(voj , “1s in Eq. (3.2.1.1.6b) can be rewritten as:

— D
¥ g Dy /3-1
D, = > D v Dy
Y Dy, /3 D3y b, P
v vy )

(3.2.1.1.6b%)

where D;; represents the surface fractal dimension of 1-th section ranging from 2 to 3. The second
terms on RHS of Egs. (3.2.1.1.3) and (3.2.1.1.4) describe the influence of the thermophoretic particle
motion. The symbol ¥, refers to the radial thermophoretic velocity as defined by (Lee et al., 2001a):

KuoT

" pT or (3.2.1.1.7)

where K is the thermophoretic coefficient, which is assumed to be equal to 0.55(Kim and
Pratsinis, 1988; Lee et al., 2001a, b). The third terms on the RHS account for the generation of
monomer particles by gas phase reaction. They are included solely in the equations for the first

volume section (/=1). The rest terms on the RHS correspond to the effects of the particle coagulation

and coalescence. The Brownian collision frequency function, I , involved in the coagulation
coefficients has a form of the Fuchs' interpolation (Seinfeld, 1986), which covers from the free
molecular to the continuum regime. The collision diameter, dc, is used to replace the characteristic
diameter in the collision frequency function following the works of Kruis et al.(1993)and Tsantilis and
Pratsinis (2000). A couple of different models for the characteristic coalescence time oftitania particles
have been proposed in the literature (Kobata et al., 1991 Xiong et al., 1993):

Kobata etal, * = -4¥107Td, exp(———) (3.2.1.1.8a)
3700
_ 24 4
Xiong etal, *7 = 03x107Td, exp(——) (3.2.1.1.8b)

The deposition process of TiO, particles on the reactor wall is also incorporated by imposing the

boundary conditions at the wall: Ql,v’QI,s =0 , at =R while the reactor wall is assumed to be
impermeable for gas species, and thus all the radial derivatives of the gas species mass fraction at the

wall are zero in Eq. (3.2.1.1.2).

84



The procedure to obtain the surface fractal dimension, D;;, for each section is as follows. First,
sectional volume and surface area conservation equations (Egs. (3.2.1.1.3) and (3.2.1.1.4)) are solved
simultaneously with the values of Dy, 's obtained one axial grid earlier. Then, from the resulting Oy,
and Qv , D, 's at the present position can be determined using the relation given in Eq. (3.2.1.1.9)
below (Jeong and Choi, 2001):

Dx,l Dsl
O _ 3a, (v’ -v3)
Ds[ —
Qo p oy 7w (32.1.19)

gs. (3.2.1.1.3) and (3.2.1.1.4) are solved again with new coagulation and coalescence
coefficients determined from these surface fractal dimensions to obtain solutions for new Q;, and Q;v.

Several iterations of the above procedure are needed to acquire converged solutions.

Simplified one-dimensional analysis

Simplified one-dimensional analysis has also been carried out for the comparison with the
two-dimensional solutions. The simplified one-dimensional non-spherical sectional equations for
particle volume (Eq. (3.2.1.1.10)) and surface area (Eq. (3.2.1.1.11)) can be expressed using the

mixing-cup average axial flow velocity U as follows:
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In solving these equations, diffusion, thermophoresis and deposition are excluded in contrast to
Egs. (3.2.1.1.3) and (3.2.1.1.4). This simplified version has been compared with the present detailed

two-dimensional analysis.
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® Results and discussion
Comparison with experimental data

First, we have carried out numerical simulation of particle growth in a furnace reactor with the
experimental conditions used by Akhtar et al. (1991) and compared the predicted results with their
measured data: reactor length L=0.6m, reactor radius R=0.0159m, inlet flow rate Qi,=1.7 or 3.5lpm,
inlet TiCly concentration C;=1.56e-5 or 9.34e-6 mol/L and furnace set temperature, 7,.,=1373K.
Figure 3.2.1.1.2 shows the comparison between predicted temperature profiles and the previous
measured data inside the tubular furnace reactor. The thick solid line, square and diamond symbols
represent the previously-measured wall temperature and centerline gas temperatures for the flow rates
of 1.7 Ipm and 3.5 lpm, respectively (Akhtar et al., 1991). The measured wall temperature is used as
wall boundary condition for the simulation. The radiation compensation has been taken into account
for comparison with the previous thermocouple measurements. The predicted temperature profiles are
in reasonable agreement with the measured data.

The simplified version of the spatially one-dimensional calculations described in Egs. (3.2.1.1.10)
and (3.2.1.1.11) has been first performed and compared with experimental data and the previous
simulations done by Tsantilis and Pratsinis (2000). Spatially two-dimensional calculations will be
discussed later. The spherical sectional model by Gelbard et al.(1980), the monodisperse aggregate
model by Kruis et al. (1993) and the aggregate discretization model by Tsantilis and Pratsinis (2000)
were chosen for the comparisonwith the present approach in simulation aspect. The characteristic
coalescence times proposed by Kobata et al. and Xiong et al. (Egs. (3.2.1.1.8a) and (3.2.1.1.8b)) were
used for each aggregate particle dynamics analysis.

As shown in Figure 3a and 3b for different precursor concentrations, Ci=1.56e-5 mol/L and
C»=9.34.e-6 mol/L, the spherical model underpredicts the particle size distributions as expected. This
is because the spherical particles have smaller collision diameters than the non-spherical and
fractal-like aggregates. The monodisperse model gives relatively good results despite its simplicity.
The predicted monodisperse sizes are close to the average sizes of experimental data since particle
generation has been complete at the measured location (exit of the tube) and a uni-modal distribution
is built up. As mentioned earlier, however, the monodisperse model may lead to significant errors
when the particle sizes have a bi-modal distribution due to the generation of particles (Landgrebe and
Pratsinis, 1990 Jeong and Choi, 2001). The size distribution of aggregate surface area equivalent
diameters predicted by Tsantilis and Pratsinis (2000) shows reasonable agreement with the
measurementsdone by Differential Mobility Particle Size (Akhtar et al.,1991). However, their model
predicts a much broader distribution as shown in Figure 3b, when the characteristic coalescence time
of Kobata et al. (Eq. 3.2.1.1.8a) is applied. One of the possible explanations would be that their model
neglects the effect of coagulation on coalescence. The present result of the size distribution of
collision diameters shows better agreement with the experimental data. The discrepancy in the left part
of the size distributions would be partially attributed to particle deposition on the reactor wall and

sampling loss in experiment. In addition, the radial variation of flow, temperature and particle
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properties was not considered in the simplified one-dimensional calculations.

A spatially two-dimensional calculation has also been carried out for the same conditions. Figure
4 shows three normalized particle size distributions obtained at different radial (+/R=0, »/R=0.65, and
#/R=0.96). The characteristic coalescence time for TiO; particle modeled by Kobata et al., (1991) was
used in the calculation. Considerable variations of aggregate particle size distributions are clearly seen
with respect to radial positions at the same axial position. The measured size distribution is placed
between the predictions of »/R=0.96 and r/R=0, which implies that the measured particle size
distributions may depend strongly on the location of the measuring probe in such a spatially
inhomogeneous system. Even though the simplified version of spatially one-dimensional model would
give reasonable prediction for aggregate size distributions, the detailed information at different radial

positions cannot be obtained without relying on spatially two-dimensional approach.

Spatial distributions

The spatial evolutions of the size distribution of aggregate particles have been investigated with
the conditions of reactor length L=0.7m, reactor radius R=0.015m, inlet flow rate Q;,=3lpm, inlet
TiCl, concentration Ci=1.e-5 mol/L and maximum wall temperature, Tma=1400K.

Figure 3.2.1.1.5 is a set of contour plots for the spatial distributions of temperature and aggregate
particle sizes. The plots display only half of the tubular reactor because the reactor is assumed to be
axi-symmetric. Figure 3.2.1.1.5a is a contour plot for the local temperature distribution. Temperature
distribution is spatially inhomogeneous throughout the reactor. More specifically, the gas temperatures
near the wall region are higher than near the center region in the axial distances up to x~0.5m, but this
is reversed in the downstream region (~0.5m<x<0.7m). As a result, particles are transported by
thermophoresis from the wall to the center in the former region and from the center to the wall in the
latter one. The spatial distributions of the particle properties such as volume concentration, number
concentration, geometric mean diameters, etc. are shown in Figure 3.2.1.1.5b to Figure 3.2.1.1.5g.

The spatial distribution of the particle volume concentration is shown in Figure 5b. Higher
particle volume concentration is observed adjacent to the wall region. In the region close to the wall
where gas mixture is heated high enough for chemical reaction of TiCls, a large amount of monomer
particles are generated immediately and flow downstream. Since the oxidation of TiCl4 begins to
occur near the hot wall, TiCls precursor in the core part diffuses toward the wall compensating the
consumption of the precursor near the wall. In the exit region, the particle volume concentration near
the center region decreases due to thermophoretic particle transport from the core region to the wall.

The distributions of total aggregate particle number concentration N and geometric mean collision
diameter dgc are plotted in Figures 3.2.1.1.5¢ and 3.2.1.1.5d, respectively. The generation and
coagulation of particles determine the evolution of N.. The value of N; increases up to x=0.3m, while
the geometric mean collision diameter dg. remains as small as the monomer size up to x=0.3m. This
indicates that the formation of monomer particle is dominant in this region. N, has a local minimum

near the wall in the region 0.04<x<0.08m, wherethe particle coagulation would play a role in
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decreasing number concentration and increasing the size as shown in Figures 3.2.1.1.5¢ and
3.2.1.1.5d. For x >0.4m, the monomer particle generation begins to stop from the wall region while
coagulation continues. In this region, the total particle number decreases due to coagulation and the
geometric mean size of the aggregate particles rapidly increases. An interesting feature is observed
near the exit: N, increases again near the wall accompanied with the reduction of dg. The particle
volume concentration also increases. This would be attributed mainly to thermophoresis that causes
small aggregate particles in the core region to move toward the colder wall region. Particle size
distributions of this region will be further examined later.

Figure 3.2.1.1.5e shows the contour plot for the geometric standard deviation of the aggregate

particle size distribution,%z. In the fore part of the reactor up to x=0.4m, <

g is almost unity
indicating again monodisperse particle size distribution due to the dominant monomer generation,
which is also consistent with the results of geometric mean collision diameter shown in Figure
3.2.1.1.5d. As particles grow by coagulation, large size aggregate particle coexists with the small

monomer particles which are still being produced. In this situation, the particle size span becomes

wider and 9% increases. The value of %z becomes the maximum in the region near x=0.4m where
there is an abrupt increase in the size of aggregate particle due to the rapid decrease of monomer

number. Aggregate particles near the wall are larger than those near the core as demonstrated in Figure

3.2.1.1.5d, thus, ¢ near the wall is also higher. After the chemical reaction ceases, coagulation

process dominates and reduces the particle size span. Therefore, ¢ continues to decrease and reach
an asymptotic value as the particle moves out of the tube.

The non-spherical particle dynamics model is capable of predicting the evolution of the number
and size of primary particles composing the aggregate particles, whereas the spherical particle
dynamics model obviously cannot distinguish the aggregate from the primary particle. Figures
3.2.1.1.5f and 3.2.1.1.5g are the contour plots of the geometric mean primary particle diameter dg,
and the number of primary particles per aggregate particle ny,, respectively. From the entrance to the
middle of the reactor, the geometric mean diameter of the primary particle dg, remains as monomer
size and the number of primary particles n, is almost unity due to the dominant monomer generation,
as mentioned earlier. A local increase in ng,, however, is observed at about 0.03<x<0.18 m where
coagulation depletes plenty of small particles. The enhanced coagulation in this region should be
attributed to the ineffective coalescence because of low temperatures, which results in aggregates
having larger collision diameters. The sudden change of local distributions of dg,, 7y, and dg. occurs
in the middle of the reactor where chemical reaction ceases. As can be seen from the radial
distribution, the size and number of the primary particles in the wall region are generally larger, since
high temperatures promote not only particle generation and coalescence, but also coagulation. Thus,
aggregates composed of larger primary particles in size and number may be present close to the wall

while those of smaller primary particles would be placed in the center region.
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The geometric standard deviation of the primary particle size distribution & is shown in Figure

3.2.1.1.5h. While the evolution pattern of Ce is similar to that of aggregate particles, %z, e has
smaller values. It is well known that the primary particle size distribution is usually narrower than the
aggregateparticle size distribution (Tsantilis and Pratsinis, 2000).

Figures 3.2.1.1.6a and 3.2.1.1.6b demonstrate the spatial non-uniformity of particle size
distributions in another way. The aggregate size distributions near the centerline (Figure 3.2.1.1.6a)
and near the wall (Figure 3.2.1.1.6b) are shown for three axial positions (x=0.3, 0.5 and 0.7 m). Under
the given temperature and residence time, titania particles are not fully sintered to become spheres but
become chain-like aggregates. For the particles flowing along the centerline (r/R=0, Figure
3.2.1.1.6a), the sizes of aggregate particles continue to increase. In this case, the increase of x simply
means the increase of residence time for particles to grow. into bigger aggregates. Bi-modal
distributions appear at x=0.3 m and 0.5 m. A different aspect is, however, observed for the size
evolution of the particles moving close to the wall (/R=0.96, Figure 3.2.1.1.6b). Contrary to the
monotonic increase of particle sizes along the centerline in Figure 6a, the sizes of aggregates particles
near the wall first increase and then decrease. A large number of small particles appear placed in the
right part of the size distribution at x=0.7 m. This would be attributed mainly to thermophoresis and
possibly to particle diffusive transport that causes small aggregate particles in the center region to
move toward the wall region. We also carried out additional calculation ignoring thermophoresis
terms and the resulting aggregate particle size distributions near the wall arepresented in Figure
3.2.1.1.6¢. Compared with the size distributions in Figure 3.2.1.1.6b, the aggregate particles at x=0.7
m has a narrower distribution with less amount of smaller particles. This clearly demonstrates that
thermophoresis plays an important role in the two-dimensional furnace reactor. The significantly
different evolution features of the particle size distributions at different radial positions imply that the
increase of residence time will not always guarantee the increase of the mean particle size if the spatial
transport of particles plays a significant role in the non-uniform system. It can be also inferred that the
simplification of multi-dimensional problem to one-dimensional problem (e.g. a transformation of

- 0 =0
avg>2 oo - -
Ot or Py ) may introduce significant errors for that situation.

Higher wall temperatures cause faster monomer generation and more frequent collisions resulting
in bigger aggregate sizes. At the same time, coalescence producing more compact aggregates will be
also enhanced with a small number of large primary particles, and thus the aggregates would
havesmaller collision cross sections. In addition, high process temperature renders a shorter particle
residence time due to gas expansion, which may delay particle growth by coagulation. In Figures
3.2.1.1.7a and 3.2.1.1.7b, the mean sizes of the aggregate particles are much larger for 7=1000K
than for T,.e=1800K at both the radial positions (/R=0.0 and 0.96). At T,..x =1800K, primary particles
composing aggregates to become large-sized primary particles, and thus aggregates have more

compact structures. Note that the size difference between primary and aggregate particles is not large
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compared to the case of T,,,=1000K. On the other hand, at T,.,=1000K, aggregate particles cannot
easily coalesce therefore, the aggregate particles consist of much more and smaller primary particlesas
evidenced from the large difference between the primary and aggregate particle sizes shown in
Figures. 3.2.1.1.7a and 3.2.1.1.7b. Correspondingly, aggregates obtained at T.x =1000K have larger

collision diameters, which would result in larger sizes.

Comparison of one- and Two-dimensional analyses
Finally, it is worth examining whether the simplified version of the spatially one-dimensional
analysis could model the multi-dimensional system approximately. Figures 3.2.1.1.8a and 3.2.1.1.8b

show the comparison of the geometric mean primary particle diameter dg, and the geometric standard

deviations of aggregate particle distributions ¢ obtained from one-dimensional and two-dimensional
analyses for different inlet flow rates. At lower flow rates, the one-dimensional approach seems to
produce the results with reasonable agreements with the mixing-cup averages of the two-dimensional
approach. However, at higher flow rates, the discrepancy becomes substantial. Low inlet flow rates
cause thermal effects to penetrate more effectively in the radial direction. As a result, more uniform
temperature and concentration can be obtained and the one-dimensional analysis may produce
reasonable agreement with the two-dimensional one. The geometric mean primary particle diameter
decreases with increasing inlet flow rate because a high flow rate shortens the particle residence time,

and the difference in dg, between the two analyses increases (Figure 3.2.1.1.8a). The evolution of the

mixing-cup averages of C¢ for different flow rates are also shown in Figure 3.2.1.1.8b. A peak Oy is

(o

seen for both flow rates. The maximum ¢ occurs at the region where the monomer generation and

particle coagulation modes contain approximately equal number of particles and the chemical reaction

is almost complete (Landgrebe and Pratsinis, 1990). While the one-dimensional solutions show sharp
peaks of ¥z at certain axial position, the mixing-cup averaged results of the two-dimensional

approach show broader peak. This is because the values of ¢ have significant variation in the radial

direction even at the same axial position.
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Figure 3.2.1.1.1. Schematic diagram of calculation domain for a tubular furnace reactor.
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one-dimensional models and the previous experimental data

Ci»=9.34E-6mol/L.

94




10

E I!Il’ll' T lTYllH' T T IIVIH‘ T T I!lVlIl |:
“| m Exp(Akhtar et al.1991) :
Calc. r/R=0.0 ]
-— Calc. r/R=0.65 ]
-_ S R Calc. r/R=0.96 -
e F 3
=. 1
— L ~
\:; L -
<)
S a
\vl-l
Z H
~ H
< s
T 001 E i3
F g 1 H E
| i
0001 L Hull vt gl J“A vl l I AEII

T 1l L .
0.0001 0.001 0.01 0.1 1 10
Particle Diameter(d, um)
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Figure 3.2.1.1.7(a). Normalized aggregate and primary particle size distributions at the centerline for
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3.2.1.2. Coflow diffusion flame

® Introduction

Flame aerosol processes have been widely used for the synthesis of various nanoparticles with
different mechanical, electrical and optical properties (Pratsinis, 1998; Wooldridge, 1998). Size and
morphology of particles are strongly affected by flame temperature, transport processes inside the
flame and particle generation characteristics connected with chemical reactions (Lee and Choi, 2002;
Lee et al., 2001). Nanoparticles generated during flame synthesis often have irregular non-spherical
shapes. In addition, most flame reactors utilize non-uniform and spatially multi-dimensional geometry.
Thus, it is desirable to simulate the growth of non-spherical particles in multi-dimensional flame
systems.

Co-flow diffusion flame reactors are frequently utilized for the manufacture of high purity
nanoparticles (Lee and Choi, 2000). However, it is hard to find simulation studies on the
axi-symmetric two-dimensional co-flow diffusion flames with the generation of particles. Especially,
little has been known about the effects of the addition of precursor vapors, such as SiCly and TiCly, on
combustion phenomena and also on the growth of generating particles. Co-flow diffusion flames
provide spatially two-dimensional flow and temperature fields involved with multi-step
H>/Oychemistry and precursor chemical reactions. In addition, polydisperse non-spherical particle
growth modeling requires considerable computation efforts, thus, has been so far limited only for
simple one-dimensional probiems.

Studies on the measurement of temperature and species concentration in co-flow diffusion flames
accompanied with particle generation are also few in number. Though extensive studies about the
formation and growth of particles in a spatially one-dimensional counter-flow flame have been done
experimentally (Chung and Katz, 1985; Zachariah et al., 1989; Chung et al., 1991; Hung et al., 1992),
only a small number of numerical studies on the generation and growth especially for aggregate
particles have been carried out. Lee et al. (2001) investigated the evolution of non-spherical particles
in a counter-flow diffusion flame considering the effects of coagulation, coalescence and transport
processes in a one-dimensional flow field. They carried out the combustion analysis with detailed
multi-step chemical reactions of hydrogen/oxygen gases including simultancous oxidation and
hydrolysis of SiCls. Allendorf et al. (1989) measured temperatures in silica generating co-flow
diffusion flame using spontaneous Raman scattering from oxygen. Recently, Hwang et al. (2001)
measured the distributions of temperature and OH radical concentrations in a silica-generating co-flow
diffusion flame by using coherent anti-Stokes Raman spectroscopy (CARS) and planar laser-induced
fluorescence (PLIF).

As described, the fundamentals of particle generating co-flow diffusion flame are not yet fully
understood because chemical reaction and particle growth take place extremely fast in typical process
conditions, and short residence times accompanied with high process temperatures make it difficult to

simulate particle generation and growth (Pratsinis, 1998). Moreover, particles generated in flame have
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spatially inhomogeneous distributions and also have non-spherical fractal-like structures changing by
coalescence and coagulation. Consequently, the combustion analysis and non-spherical particle
dynamics simulation for the spatially non-uniform co-flow diffusion flame have not been carried out
yet. Johannessen et al. (2000, 2001) combinedcomputational fluid dynamics with a mathematical
model for the particle dynamics to simulate the synthesis of fine titania and alumina particles in
co-flow diffusion flames. They employed a monodisperse model of Kruis et al.(1993), and thus the
effect of polydispersity was not taken into account. Yu et al. (1998) developed a two-dimensional,
axi-symmetric, discrete-sectional model applied to a laminar hydrogen/air diffusion flame. They
accounted for the spatial transport processes that could influence the particle dynamics and
investigated their effects on the evolution of particle size distribution in flame. However, they
assumed spherical particles. Very recently, Jeong and Choi (2003) performed a numerical simulation
for the polydisperse non-spherical particle dynamics in an axi-symmetric tubular furnace reactor
accounting for spatial transportation phenomena.

Motivated by this, we have carried out a simulation of generation and growth of polydisperse
non-spherical nanoparticles in a spatially two-dimensional flame for the first time. Combustion
analysis of two-dimensional, multi-component chemically reacting fluid flows has been first done by
considering detailed chemical kinetics (51 reactions, 20 species); oxygen-hydrogen combustion and
SiCls chemical reactions, variable transport and thermodynamic properties. General dynamic equation
(GDE) describing non-spherical particle formation and growth is then solved. An efficient sectional
model which is based on the solution of two sets of 1-D sectional equation (Jeong and Choi, 2001) has
been adopted to solve the non-spherical dynamics equation for this two-dimensional geometry. This
two-dimensional approach provided the information on the particle size distribution in both axial and
radial directions. Simple monodisperse model was also used as a comparison and an alternative
approach for the complex multi-dimensional problems because of its computational efficiency.
Temperatures and particle sizes obtained from the two-dimensional combustion and aerosol dynamics

calculations were compared with experimental data.

@ Methods
Combustion analysis of a particle generating co-flow diffusion flame

Figure 3.2.1.2.1 shows a schematic diagram of the axi-symmetric co-flow flame considered in
this study. The burner consists of several coaxial annular nozzles and its configuration and inlet
conditions are the same as those used in the experimental research of Hwang et al. (2001) except N,
shield nozzle. Hwang et al. (2001) used eight holes located around the center nozzlewhich have been
simplified in the present study as a coaxial annular nozzle having an equivalent flow rate. Pure
nitrogen or mixture of nitrogen and silicon tetrachloride (SiCls) areintroduced through the innermost
nozzle whose radius is 1.0 mm. Nitrogen shield gas is supplied through the annular nozzle next to the
innermost nozzle. Hydrogen and oxygen are provided through the next nozzles (Ri=5.25 mm, Ro=6.7

mm and R=7.9 mm, R,=9.65 mm), and air is provided through the outermost nozzle (R=12.7 mm,
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R,=26.55 mm) for the stability of the flame.

Fluid flow, temperature, and concentration fields of each species in this complex silica generating
co-flow flame can be obtained by simultaneously solving the mass, momentum, species, and energy
conservation equations. The governing equations are given as a vector form forthe cylindrical
coordinate as follows (Kim, 2002; Shuen et al., 1993; Venkateswaran et al., 1995).

0Q OE OF

—+—+—+H=L +H, +W

o & or @) (3.2.12.1)
C Q=[ppupvep - pul (32.122)

where Q is the vector of variables. E and F are the convective fluxes, and linear differential
operator, L, means the viscous flux operator. H, H,, and W are axi-symmetric inviscid, viscous and
chemically reacting source terms, respectively. The superscript ¢ means the transpose of matrixand the

subscript ns stands for the total number of chemical species.

From the equation of state,

i_&
M, (3.2.1.2.3)

The set of equations in Egs. (3.2.1.2.1) and (3.2.1.2.3) can be complete using the global species

conservation equation:
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(3.2.1.2.4)
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In this study, two sets of reaction model were used (Ho et al., 1992; Kim, 2002):9 species model
for the case of no silica generation and 20 species model for the case of silica formation. In the
presence of oxygen and water vapor, there exist two pathways for the formation of silica particles for
the reaction of SiCl4. The overall reaction of oxidation and hydrolysis of SiCl4 can be expressed
(Powers, 1978; Kochubei, 1997):

SiCl4+0; = S5i0,+2Cl;, (3.2.1.2.5-a)

SiCl;+2H,0 = SiO,+4HCl (3.2.1.2.5-b)

107



and the gas phase reaction of SiCly was modeled based on the semi-global approximation using
rate-determining steps adapted by Lee et al. (2001). Nitrogen gas was assumed to be inert. Since the
compressible effects such as the change of gas density due to chemical reaction can be significant, the
equations were solved by means of the preconditioning method. The preconditioning method has an
advantage in relaxing the stiffness aroused from the large eigen-value discrepancy (Choi and Merkle,
1993). The preconditioning matrix used in this study can be found in the previous literature (Shuen et
al,, 1993; Venkateswaran et al., 1995). Detailed numerical schemes used also can be found in Kim
(2002) Choi (1997). For the spatial discretization, the finite volume method (FVM) was used and the
general flux difference splitting (FDS) scheme was adopted to retain upwind characteristics for
convective fluxes. The governing equations are highly nonlinear and their solution requires a good
imitial guess. For the given flow conditions, a solution for the case without SiCls addition was first
obtained and then the simulations for the flame with SiCl, addition were performed using the previous
calculation results obtained without SiCl4 addition as an initial guess. Flame ignition was induced by
temporarily increasing the temperature (to 2000 K) at a few grid points after some fixed iterations.

The computational domain is bounded by the inlet and exit boundary in the axial direction,by the
axis of symmetry and a lateral zone in the radial direction (see Figure 3.2.1.2.1). Parabolic velocity
profile was assumed for N,+SiClLs gas at the center nozzle and annular profiles were used for the other
gas inlet boundaries. In order to stabilize the flame, a large amount of air was provided through the
outermost nozzle in the previous experimental conditions by Hwang et al. (2001). Their outermost
nozzle was equipped with 1 mm-spaced honeycomb, thus the velocity profile of air at the outmost
nozzle exit was assumed to be flat. The exit boundary in the z direction was located sufficiently far
from the nozzle exit such that the propagation of boundary-induced disturbances into the region of
interest was minimized (Katta and Roquemore, 1995). At the symmetric axis at =0 mm, radial
velocity component was set to be zero and the other variables were assumed to have zero gradients.
The gradients of all dependent variables were assumed to be zero at the exit and the lateral boundaries.
At the wall boundary, zero velocity and zero concentration gradient of species were given. Different
domain sizes were tested to ensure that the numerical results were independent of the calculation
domain size. 184 x 162 non-uniform orthogonal meshes were located in the axial and radial direction
of the flame, respectively. The computation domain was z=0~200 mm in axial direction and

r=0~106.2 mm in radial direction. Grid points were clustered more near the nozzle exit and the axis of

symmetry.

Non-spherical particle dynamicsanalysis

After the distributions of velocity, temperature and species in a co-flow diffusion flame were
obtained,non-spherical particle dynamics has been solved for the present one-way coupling problem.
The evolution of the particle size distribution can be described by the integro-differential general
dynamic equations including the influence of convection, diffusion, thermophoresis, coagulation,

sintering (or coalescence) and generation:
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V-(un)=V.-[DVn]+V-[nKWIn T]+[a_"} 1{@_] +S
coagulation ot sintering

(3.2.1.2.6)

where the last source term S represents the particle formation rate. In this study it was assumed
that there were no free energy barriers for particle nucleation, and the thermodynamic critical particle
could be set equal to a single SiO> monomer molecule(Xiong et al., 1993; Pratsinis, 1998). Therefore,
the rate of the monomer particle formation was identical to the chemical reaction of SiCly. The
reaction rate constant for oxidation suggested by Powers (1978) and that for hydrolysis by Kochubei
(1997) wereused in the calculations.

Non-sphericity of particles can be characterized by the surface fractal dimension, D;, ranging
from 2 to 3 (Xiong et al., 1993) defined below:

v D
a=a,(—)?3
0 (vo ) (3.2.1.2.7)

Non-spherical particle dynamics equation (Eq. (3.2.1.2.6)) can be approximated by two sets of
sectional equations that take into account the evolutions of 1-th sectional volume concentration (Ql,v)

and surface area concentration ( Ql,s) (Jeong and Choi, 2001):
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where ,E 's are the inter- and intra-sectional coagulation coefficients and H 's are the sintering
coefficients. Their definitions can be found from Jeong and Choi (2001). These coupled two sets of
one-dimensional sectional equations are solved for each volume section considering the spatial
transport mechanisms. It was also assumed that the axial particle diffusion would be negligible

compared to axial convection
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The rate of sinteringof nanoparticles is an important parameter to predict the final size of primary
particles. The sintering rate is typically estimated based on the bulk material properties such as
solid-state diffusivity for crystalline materials and viscosity for amorphousmaterials. However, for
silica, which is known to be coalesced by a viscous flow mechanism, the predictions using the
properties of bulk materials have been in poor agreement with experimental data (Ehrman, 1998). In
the present study, the hybrid model (Lee et al., 2001) combining atomistic diffusion model which took
into account the effect of internal pressure (Ehrman, 1999) and viscous flow sintering model (Xiong et
al, 1993) was used for the modeling of coalescence of nanoparticles.The effect of section spacing was

checked using different sets of section spacing.

® Results and Discussion
Flame temperature distributions

Figure 3.2.1.2.2 shows the radial temperature distributions of the flame with or without SiCl4
addition at three different heights from the burner nozzle (5 mm, 20 mm and 33 mm). Previous
measurement data of Hwang et al. (2001) are compared with the prediction results carrier gas Np=
153.2 ml/min, SiCl;=70.3 mi/min, Hy+N,=1 //min+1 //min, O;+Ny= 2 I/min+2 l/min, dry air= 80
//min. Good agreement on temperature profiles between the simulation results and measurements was
obtained for both cases at different positions. The results clearly demonstrate that the co-flow
diffusion flames have spatially non-uniform temperature distributions of. At z=5 mm, the radial
temperature distribution has its maximum located at 7=7.5 mm, not at the centerline. At this height, the
predicted temperature profile is almost identical with the measured temperatures for both cases with
and without SiCly addition. This indicates that the effect of SiCl, additions on flame temperature is
negligible at this lower height because SiCls vapor injected at the centerline cannot have sufficient
residence time to diffuse outward in the radial direction. At z=20 mm, where particles are intensively
generated, the addition of SiCl to the flame plays an important role (Hwang et al., 2001). Though the
differences are small in the outer region of r > 5.0 mm, the effect of SiCl4 addition is obvious near the
center region (0 mm < r < 5.0 mm). At r=1.4 mm (temperature inversion point), the distribution of the
temperature without SiCl4 addition and that with SiCl4 addition are intersected each other. In the
region 0 mm < r <1.4 mm where SiO, particle generation rate is low, the addition of SiCls causes
temperature to decrease (about 350K near the axis) due to the increase in momentum and also in the
specific heat of the SiCls-N, mixture gas which is about 70% larger than that of unmixed N; in the
preheated region. These results are supported by the observation of Allendorf et al. (1989) who
reported that the flame temperature would decrease in the preheated zone when SiCl4 was supplied in
to a methane-oxygen flame. On the contrary, in the region 1.4 mm < r < 5.0 mm, the opposite
tendency is observed, which is attributed to the exothermic heat releases through oxidation and
hydrolysis reactions of SiCls (Lee et al., 2001). At z=33 mm, the temperature has its maximum near
the axis region, which is typical for co-flow diffusion flames. At this height, significant formation of

silica particles takes place at the centerline. The temperature distribution obtained by increasing SiCl,
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reaction is higher than that neglecting SiCly addition. An increase by about 95 K is observed in the
centerline, which is attributed to SiCls chemical reactions though the flow rate of SiCl4 added (70.3
m//min) is much lower compared to that of H, (1000 m//min). Hwang et al. (2001) reported the
temperature increase in the region where silica particles were formed would be due to heat release
during exothermic chemical reactions of SiCly oxidation and hydrolysis. It should be noted that the
flame temperature decrease in the preheated zone and the increase in reacting particle formation zone
have not been theoretically reported before.

The discrepancy between the predicted and measured temperature profiles near the nozzle center
region may be attributed to the difference of the burner configuration from Hwang et al. s
experimental setup (Hwang et al.,2001). In their experiment, N, shield gas was injected through eight
circular holes around the center nozzle but the eight circular holes were simplified in this study as

acoaxial annular nozzle having an equivalent flow rate.

Growth of non-spherical particles

Figure 3.2.1.2.3 shows the total particle generation rate at the centerline (r=0 mm), which is a sum
of hydrolysis and oxidation of SiCls vapor in the flame. Reaction starts at z~10 mm and completes at
z~19 mm. The chemical reactions strongly depend on the localized flame temperature and the
concentration of water vapor. Especially, when water vapor is supplied sufficiently and temperature is
relatively low, hydrolysis becomes a dominant reaction. At high temperature, however, oxidation
dominates over hydrolysis (Lee et al., 2001). For these flame conditions, both reactions are
comparable each other and thus should not be neglected.

Simulation result for the evolution of primary particle size was also compared with the
experimental measurement done by the local thermophoretic sampling and TEM image analysis (Kim,
2002). As shown in Figure 3.2.1.2.4, though there is some discrepancy, the results obtained by the
numerical simulation reasonably follow the growth of primary particle along the centerline. It is also
shown that hybrid sintering model gives more agreeable result than the atomistic diffusion model of
Ehrman (1999) which underpredicted the sintering rate for large particles as was suggested by Lee et
al. (2001) from the study of the silica particle growth in a counter-flow diffusion flame.

The distributions of particle sizes are presented in Figure 5 for different conditions: carrier gas
N2=200 m//min, SiCl4=25 ml/min, H,= 2.5 I/min, O,=5 l/min, dry air=70 l/min. Particle size
distributions for radial positions (+=0, 2.55, and 4.15 mm) at two different heights from the burner
surface and are shown in Figure 3.2.1.2.5-(a) (z=10 mm) and Figure 3.2.1.2.5-(b) (z=20 mm). The
silica particles generated in flame have much different size distributions depending on theradial
positions even at the same axial position. At z=10 mm, particle formation from gas phase chemical
reaction of SiCl, dominatesnear the centerline, thus a large amount of monomer-sized particles exist.
Especially at 7=2.55 mm, particles have a bimodal distribution; the particles generated earlier grow
into larger aggregate by coagulation and coexist with very small particles generated at this location.

On the contrary, only particles of small sizesare found at 7=0 mm and larger particles of unimodal
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distribution are present at r=4.15 mm. When the particles move toward z=20 mm (Figure
3.2.1.2.5-(b)), particle generation is ceased in the centerline region and the particle distribution shifts
to larger sizes. Particles at 7=0 mm have a unimodal distribution and have been grown to much larger
ones compared to those shown at z=10 mm.The particle number concentration, however, decreases
with the increase of axial distance z owing to coagulation process. Note that the number concentration
of smaller particles at 7=4.15 mm is higher in Figure 3.2.1.2.5-(b) than in Figure 3.2.1.2.5-(a). These
small particles have been entrained from the outer region where a large amount of smaller particles are
present.

Figures 6 shows the distributions of the surface fractal dimensions, D, for different radial
locations at z=10 mm (Figure 3.2.1.2.6~(a)) and z=20 mm (Figure 3.2.1.2.6-(b)). If D=2, particles are
fully sintered sphere, and if D; is close to 3, no sintering takes place and particles are irregular
aggregates. Therefore, the value of D; ranging from 2 to 3 represents the extent of sintering or the
extent of non-sphericity. Particles at z=20 mm (Figure 3.2.1.2.6-(b)) have smaller values of surface
fractal dimension than those at z=10 mm (Figure 3.2.1.2.6-(a)). This suggests that fractal-like
aggregate particles change into more spherical ones owing to fast coalescence process while passing

through the flame region of high temperature.

Comparison between the sectional model and the monodisperse model

In general, a sectional model consumes far more computing time than the simpler one assuming a
monodisperse distribution especially to obtain the solutions of spatially multi-dimensional problems.
Then, if particles have a relatively narrow size distribution or small polydispersity, the monodisperse
aerosol dynamics model could be an alternative choice (Kruis et al., 1993; Schild et al., 1999). Figure
3.2.1.2.7 shows the evolution of the total number concentrations predicted by the polydisperse
(sectional approach) and monodisperse models at different radial positions along the axial coordinate.
In Figure 3.2.1.2.8, the primary particle diameters obtained by the two models are also compared. The
polydisperse simulation predicted lower particle number concentration and larger primary particle
diameter than the momodisperse one did. This result can be easily explained because monodisperse
particles have smaller collision rates than polydisperse particles. If the particles have a bimodal size
distribution due to the simultaneous particle generation and coagulation, the discrepancy would
become significant. However, when chemical reaction is completed, the particles have a unimodal size
distribution and then the discrepancy would decrease. For r=0, the particle size distribution at z=10
mm (Figure 3.2.1.2.5-(a)) is very narrow because of intensive particle formation and it can be
considered a monodisperse distribution. In this case, the two models showed a good agreement.
However, in the downstream region, the difference of two predictions became relatively large which
was attributed to broader size distributions. The same trend can be found for the particles at 7=5.75

mm.
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3.2.2. Simple bimodal method to simulate the growth of non-spherical nanoparticles

® Introduction

Particle formation by gas phase reactions is one of the important industrial processes for
large-scale manufacture of high purity particles. In this process, non-spherical aggregate particles
often form especially when particles are generated at high concentrations (Pratsinis, 1998). Proper
control of size and morphology of the non-spherical particles not only requires the development of
new control strategy (Lee and Choi, 2000, 2002; Lee et al., 2001a), but also the development of
efficient numerical methods to simulate the growth of non-spherical particles.

To investigate the growth of non-spherical particles, Koch and Friedlander (1990) took into
account the change of particle surface areas due to coalescence. In their work a characteristic
coalescence time for aggregate particles was introduced. Xiong and Pratsinis (1993) developed a
two-dimensional sectional model in which the particle volume and surface area wereused as internal
coordinates. This detailed model can predict the morphological evolution of aggregate particles
undergoing nucleation, coagulation and coalescence accurately by increasing the number of divided
volume and surface area sections. However, the model requires heavy computational load, and
therefore has been limited to solve simplified aerosol systems such as spatially one-dimensional
systems (Seto et al, 1997; Lee et al, 2001b). Kruis et al.(1993) proposed a simple monodisperse model
for the non-spherical particle evolution, which agreed well with the two-dimensional sectional model
when new particle generation was absent. Because of its computational efficiency, this monodisperse
model has been effectively used to simulate the growth of non-spherical particles in spatially
multi-dimensional systems (Schild et al., 1999; Johannessen et al., 2000, 2001). However, when
nucleation and other particle growth mechanisms coexist, this model can not properly describe the
particle dynamics due to inherent monodisperse assumption. Jeong and Choi (2001) proposed a new
non-spherical sectional model which solves coupled two sets of one-dimensional acrosol dynamics
sectional equations describing the change of volume and surface area concentrations of non-spherical
polydisperse particles. Compared to the detailed two-dimensional sectional model (Xiong and
Pratsinis, 1993), the model yielded accurate polydisperse size distributions of non-spherical particles
with very good agreement while reducing the computation time by 1000 times or more. Although this
efficient sectional model can be utilized to predict the evolution of polydisperse non-spherical
particles in multi-dimensional reactors (Jeong and Choi, 2003), it still needs considerable computation
load. Thus, it is desirable to develop a much simpler method that can secure both accuracy and
computation efficiency for modeling the non-spherical particle growth undergoing nucleation,
coagulation and coalescence.

Motivated by this, we propose a simple bimodal model for non-spherical particle dynamics, which
represents the particle size distribution using two discrete monodisperse modes. The proposed bimodal
model is evaluated against the previous non-spherical monodisperse model and the more rigorous

sectionalmodel by comparing their accuracy and computational efficiency. The present bimodal model
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not only agrees very well with the detailed polydisperse sectional model, but also reduces computation

time greatly even when nucleation and growth of particles coexist.

©® Methods
Modeling for non-spherical particle growth
Monodisperse Model (Kruis et al., 1993)
Assuming monodisperse distributions of aggregate and primary particles, one can describe the

monodisperse particle system under isothermal conditions by solving three differential equations
shown below (Kruis et al., 1993):

aN, 1, ,
2 - PN (3.2.2.1)
@,
o, (3.2.2.2)
a4, 1 .~
a A Na) e (3.2.2.3)

where N, is the particle total number concentration, ¥, the total particle volume concentration and
At the total particle surface area concentration. The symbol  represents the nucleation rate of particles

with volume vo. The symbol 7 in Eq. (3.2.2.3) represents the characteristic coalescence time and asis

the surface area of a spherical particle of volume va (=Vt/Nt). The Brownian collision coefficient 5,
which has a form of Fuchs' interpolation formula (Seinfeld, 1986) covering from the free molecular
regime to the continuum regime, is a function of the collision diameter, dc, which can take into
account the effects of non-sphericity of aggregate particles (Kruis et al., 1993).

Though the monodisperse model has been widely used as a very attractive simulation tool to
describe the evolution of integrated properties of the particle size distribution when particles have a
relatively narrow unimodal distribution, it does somewhat underpredict the particle collision frequency
(Landgrebe and Pratsinis, 1990). Moreover, if particle nucleation is not instantaneous, a large
accumulation mode composed of particles generated earlier coexists with a smaller nucleation mode.
The monodisperse model cannot adequately model this bimodal particle size distribution due to its

inherent monodisperse limitations.

The present non-spherical bimodal model

We propose a simple non-spherical bi-modal model by introducing the particle size distribution
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with two discrete modes: one for particle generation and the other for coagulated larger aggregates.
Figure 3.2.2.1 is a schematic representation of the proposed bimodal model. The present bimodal
model employs two discrete modes: one for the nucleation mode, Mode 1 and the other for the
accumulation mode, Mode 2. Although the width of the twomodes depicted in the figure is
exaggerated for clarity, each mode of the bimodal model is considered to have a monodisperse size
distribution in view of particle volume. The average volume of Mode 2, v,, is r times larger than vo
and rincreases following the growth of aggregate particles by coagulation and coalescence. The
representative volume of Mode 1 is fixed as the volume of nucleated particle vo. Therefore, volume
and surface area concentrations for Mode 1 can be straightforwardly determined once the evolution of
number concentration, Ny, for Mode 1 is solved. However, for Mode 2 representing non-spherical
aggregates that grow due to both coagulation and coalescence, the evolution of volume concentration,
V2, and surface area concentration, 45, should be solved simultaneously with solving the evolution of
the number concentration, N,.

There are three possible coagulation processes to be considered: (a) intra-mode coagulation in
Mode 1, (b) intra-mode coagulation in Mode 2 and (c) inter-mode coagulation between Mode 1 and
Mode 2. Consider first the intra-mode coagulation in Mode 1. One could simply assume that every
particle created by binary intra-mode coagulation in Mode 1 directly enters Mode 2 as was previously
done for spherical particle dynamics model(Megaridis and Dobbins, 1990). More specifically, this
means when two particles of volume .o in Mode 1 collide with each other, the resulting particle of
volume 2vo should belong to Mode 2 while N1 and V1 are reduced by two units and by 2wy,
respectively and N, and ¥, are increased by one unit and by 2v, , respectively. However, if Mode 2 has
a much larger size v2 than vo (¥>>1) as is usual, this process will result in considerable error. For
example, if v, is 10* times larger than vo (r=104), a single binary coagulation in Mode 1 will lead to an
increment of one unit for N2 but very small increment of ¥, which is 1/5000 unit of v,. This will result
in the decrease of the average volume of Mode 2 (1,) by the intra-mode coagulation of Mode 1, which
is physically unreasonable. An alternative way used in the present study is to apportion the resulting
particles of size 2v, between two modes, Mode 1 and Mode 2, while preserving the particle number
and volume as described below.

When two nucleated particles with size v, in Mode 1 collide with each other, a single new particle
with volume 2vy is formed, whose size does not coincide with the mean size of Mode 1 nor with Mode
2 except when r =2. In the present study, instead of dumping the particle directly into Mode 2, the
particle of volume 2vy has been apportioned between the two modes according to the particle volume
ratio as shown in Figure 1: (»-2)/(»-1) unit for Mode 1 and 1/(r-1) for Mode 2. Then, for Mode 1, a
decrease of two units by the collision and an increment of (7-2)/(#-1) unit by the allotment lead to a net
decrease of N1 by r/(r-1) unit and therefore a net decrease of V; by » v0/(r-1) as a result of a single
intra-mode coagulation in Mode 1. For Mode 2, the single intra-mode coagulation in Mode 1 results in
an increment of N, by 1/(r-1) unit, along with an increment of V2 by rvo/(r-1). This way of

apportioning the particles of size 2v, not only preserves both the particle number and volume, but also
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eliminates the problem of the previous spherical model (Megaridis and Dobbins, 1990) that is a
possible decrease of mean size of Mode 2 after particle collision in Mode 1.

Inter-mode coagulation between Mode 1 and Mode 2 and the intra-mode coagulation in Mode 2
can be straightforwardly formulated. When a particle in Mode 1 and a particle in Mode 2 collide each
other, a new particle of volume (»+1)v, is generated and the particle can be assumed to be laid in
Mode 2. Then, a single inter-mode coagulation between Mode 1 and Mode 2 reduces N; by one unit
with a decrease of ¥ by vy and an increase of 7, by v, but brings no change in N,. Finally, single
intra-mode coagulation in Mode 2 reduces N, by one unit but does not change V>, because the newly
generated particle of volume 2rv, should be remained in Mode 2. The rate of particle formation, Z,

only changes N;. Consequently, the governing equation for the change of N; can be written by:

ﬂz""lﬂanz (L]_ﬂlleNz +1
2 r—1

dt (3.2.2.4)

where B is the collision frequency function of the intra-mode coagulation in Mode 1 and Bizis

the collision frequency function of the inter-mode coagulation between Mode 1 and Mode 2. Since the

representative size of Mode 1 is fixed as v, Biicould remain constant during the calculation if
temperature and gas properties are not changed. Similarly, the governing equations for the evolution

of N; and V, can be described as follows:

dN. 1 1 1
2= Eﬂule (:)“EﬂzzNzNz

dt , (3.2.2.5)

av, 1 I3
L= _ﬂule (:‘1‘)"0 + B, NNy,

@ 2 (3.2.2.6)

where D is the collision frequency function for the intra-mode coagulation in Mode 2. It is noted
that the factor for the intra-mode coagulation process in Mode 1 is 1/(r-1) for N, in Eq. (5) whereas the
factor for ¥, in Eq (3.2.2.6) is #/(r-1).

It can be assumed that total surface area concentration of aggregate particles (4,) is reduced by
coalescence alone; it does not change by coagulation. Since nucleated particles in Mode 1 are assumed
spheres, the change of the surface area by coalescence should be described only for Mode 2, 4. The

governing equation for the evolution of 4, is written by:

da, 1 r 1
=2 - E'BHNIZ (r—:) a, + B, NiN,a, _;(A2 ~N,a,.)

dt (322.7)
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i . =(3 6 173,213
where ao represents the surface area of spherical particle of volume vo (% = (367)" v, ) and ays

is the smallest possible surface area of the particle with volume v, (=V2/N,).
The volume concentration of Mode 1, V;, and the surface area concentration, 4;, are easily

evaluated from N,:
Vi=Ny, (3.2.2.8),

4 =Na, (3.2.2.9)

The total integrated quantities of N,, V,, and 4, are the sums of the values of the two modes:

N, =N +N, (3.2.2.10)
Vi=N+7V, (3.2.2.11)
A =4 +4, (3.2.2.12)

Eq. (3.2.2.8) can be rewritten in the form of an ordinary differential equation using Eq.(3.2.2.4)
by:

dV, N,
_t = Vo -
dt dt

’
*““IJ Vo = BN\ Ny, + Iy,

1 2
=——f.N,
2’6“ : ( (3.2.2.13)

For the limiting case in which all the Brownian collision frequency functions B, B, and B

are assumed to be a constant value of ﬂc, the addition of Eq. (3.2.2.4) and (3.2.2.5) reduces to the

monodisperse case:

5157’=%(NI +N2)=—%ﬁC(N12 FINN, + N )+1
1
=~5ﬂcN,2 +1 (3.2.2.14)

which is identical to Eq. (3.2.2.1). Furthermore, the addition of Eq.(3.2.2.6) and Eq. (3.2.2.13) also
leads to Eq. (3.2.2.2):
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dv, d

RO

(3.2.2.15)

Four equations including Egs. (3.2.2.4), (3.2.2.5), (3.2.2.6) and (3.2.2.7), are to be solved for the
solution of the present non-spherical bimodal dynamics while the monodisperse model needs three
differential equations (Egs. (3.2.2.1), (3.2.2.2) and (3.2.2.3)). The collision diameter, dc, is adopted to
consider the non-sphericity of aggregate particles as defined by Kruis et al., (1993):

/
d,=d,@n)" (32.2.16)

where d, and n, represent the diameter and the number of primary particles, respectively. Kruis et
al.(1993) and Tsantilis and Pratsinis (2000) used the collision diameter to consider non-spherical
particle growth and used the mass fractal dimension Dyas a commonly encountered value of 1.8.

The diameter of average volume, dav, and the geometric mean collision diameter, dgcare the
parameters selected to compare the monodisperse model, the sectional model and the present bimodal

model. The diameter of average volume (mass) is defined as below (Hinds, 1999):

6V 173 6 173
dav = . = [” Vaj .
7N, 7 (3.2.2.17)

Whereas only dav can be obtained from the monodiperse model, the geometric mean (volume

(6vg /71')1/3

equivalent) diameter, d,, (= ) can be obtained from the present bimodal model because the

model has two discrete modes of different size. From the definition, v, of the bimodal model can be

derived as follows:

_N,Inv,+ N, Inv,
& N

t

Inv

(3.2.2.18-a)

MoN,
Vg =WN XV, N, (3.2.2.18-b)

The geometric standard deviation, e for the bimodal model indicating the degree of

polydispersity, can be also derived as follows:
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, (3.2.2.19)
It should be noted that when the nucleation mode (Mode 1) disappears and only the accumulation
mode (Mode 2) survives after the end of particle generation, the particle size distribution of the

bimodal model reduces to a monodisperse distribution. Then, the prediction of the bimodal model

become identical to that of a monodisperse model (P¢=1). Note also that the geometric standard
deviation of the bimodal model does not reflect the accurate polydispersity of the actual accumulation

mode which approach a self-preserving distribution (L.andgrebe and Pratsinis, 1990).

@ Results and Discussions

The simulation results of the non-spherical titania particle growth are presented for the conditions

of initial TiCl, mole fraction, $=0.1 and temperature, 7=1400K assuming monomers as the smallest
particles (Ulrich, 1971; Xiong and Pratsinis, 1991). Results obtained from three different methods are
shown for comparison: the sectional model by Jeong and Choi (2001), the monodisperse model by
Kruis et al. (1993) and the present bimodal model. Here, the total particle number concentration, Nt,

and the monomer production rate are shown in Figure 3.2.2.2, and the diameter of average volume,

d

av, and the geometric mean collision diameter, dg., are presented in Figure 3.2.2.3. The first-order
reaction scheme of TiCl, oxidation (Pratsinis et al., 1990) was used in this study.

The agreement between the present bimodal model and more detailed sectional model is shown to
be good for all three parameters while the monodisperse model overpredicts the number concentration
and underpredict the diameter of average volume significantly. After the early stage, (£-10-4 s),
particles grow due to coagulation with the chemical reaction being still active, which makes the shape
of the particle size distribution bimodal (see Figure 3.2.2.5). During the development of bimodal size
distributions, the prediction results of the monodisperse model obviously deviate from those of the
sectional model. The bimodal model, on the other hand, yields the results that agree very well with
those of the sectional model even for dgc. When the chemical reaction comes to an end, the particle
size distributions lose their bimodality and the monodisperse model and the bimodal model predict
almost the same results.

The size of primary particles and the number of primary particles per aggregate predicted by the
different approaches are compared in Figure 3.2.2.4. The geometric mean values of np and dp are
plotted for the bimodal and sectional model calculations. The present bimodal model produced almost
identical results with those obtained from the sectional model. The primary particle diameter of Mode

2, dp, and the number of primary particles per aggregate of Mode 2, n,;, are also presented

(dp=6V2/4; np= A; /(367 szN 2) ). The results for Mode 2 may be important for comparison with the

experimental data, since the particles in Mode 1 are too small to be detected by the conventional
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measurement devices. It is noted that dy, continues to increase and becomes the same value of d,
beyond t=0.3 s approximately when particle formation or chemical reaction ceases. Note also that n,,
initially increases due to particle coagulation and later decreases due to particle coalescence.

Figure 3.2.2.5 shows the evolutions of the aggregate number concentration as a function of
volume equivalent diameter. The continuous lines are predicted by the sectional model and the bars
are the results of the bimodal model. It should be noted that each mode of the bimodal model is
assumed to be a monodisperse distribution. The characteristic size of Mode 1 for the bimodal model is
fixed (vi=vy) while only the number concentration, N;, varies with time. It is shown that the bars
predicted by the bimodal model follow well the detailed size distributions obtained by the sectional
method for the number concentrations of aggregate volume equivalent diameter. At later times (=1.0
and 10.0 s), the nucleation mode disappears and the accumulation mode alone survives. When this
happens, Mode 1 does not make any contributions, so the computational process becomes identical to

that of the monodisperse model.

The geometric standard deviations of the aggregate volume distribution,%s, the collision

diameter distribution, Pz.d,, and the primary particle distribution, O¢.d,, are presented in Figure

3.2.2.6. The results of the two models agree well until /=0.3 s. At this time, the bimodal model

accurately predicts the sudden peak of P¢. Maximum values occur near the end of the chemical
reaction, when the two modes composed of fine and coarse particles contain approximately an equal

number of particles (Landgrebe and Pratsinis 1990). It is noted that when the chemical reaction comes
to an end (7>~0.3 s), the .4, predicted by the sectional model drops to unity, which indicates the
monodisperse distribution of primary particles. The constant values of 9 and Pz, at these times
suggestthat the aggregate particle size distribution reaches a self-preserving form. The fact that O,

always has smaller values than ¢ and Czd., tells that the primary particles have narrower size
distributions than the aggregate particle distributions as observed in many experimental and simulation
studies (Seto et al, 1997; Tsantilis and Pratsinis, 2000). The predictions of the bimodal model coincide
wellwith those of the sectional model, especially for the positions and heights of peaks. It should be

also noted that, however, once the bimodal distribution collapses into a unimodal distribution after the

O and %e.a, of the bimodal model should become unity while

end of particle formation process,
those of the sectional model approach asymptotic values.

Finally, Figure 3.2.2.7 shows the comparison of V; and 4, among the three models. All the models
precisely preserve V; . The mondisperse model, however, overpredicts At while the bimodal model
shows excellent agreement with the sectional model. In Figure 3.2.2.7, the prediction results assuming
that particles always retain spherical shape (spherical sectional model, Gelbard et al., 1980) are also

presented. Note that At predicted by the non-spherical sectional model is about an order of magnitude
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larger compared to that predicted by the spherical sectional model. This implies that the use of the
spherical particle dynamics models may lead to significant errors in the simulations where incomplete
aggregate coalescence takes place and particle surface area is an important factor for particle growth
mechanisms. In addition, the performance of the proposed bimodal model was examined for different
temperatures and initial TiCly mole fractions. Although the results are not presented in this paper, the
proposed bimodal model showed good agreement with the detailed sectional method.

It should be stressed again that in addition to showing good agreement with the detailed sectional
method, the typical computation times of the bimodal model( 4.177 s) is almost at the same level of
that of the monodisperse model (e.g. 2.410s). The sectional model, however, requires several hours
(e-g. 222min 47s, rx=2.0, 86 sections used) for the same problem. This suggests that the present
bimodal model would be utilized as a simple and efficient simulation tool for non-spherical particle
dynamics undergoing coagulation, coalescence and nucleation in highly complex systems. The
calculations were performed using a Digital Alpha Workstation (DEC 21164, 533MHz).

>
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Figure 3.2.2.1. Schematic of the present bimodal model.
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Figure 3.2.2.2. Comparison of evolution of titania particle: total number concentrations predicted by
the monodisperse model, the present bimodal model and the sectional model are

presented along with the monomer generation rate.
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Figure 3.2.2.3. Comparison of evolution of titania particle: diameter of average volume and geometric
mean collision diameter predicted by the monodisperse model, the present bimodal

model and the sectional model.
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3.2.3. In-situ optical diagnostics for determining aggregate evolution in a flame

® Introduction

Laser light scattering technique based on Rayleigh-Debye-Gans scattering theory (Kerker, 1969)
has been previously used to measure the morphological parameters of non-spherical nanoparticles
such as the fractal dimension and radius of gyration (Sorensen ef al, 1992, Koylu,1997). The fractal

approximation for aggregates implies the following relationship between the number of primary

particles in an aggregate, N, , and the radius of gyration of the aggregate, R, (Jullien and Botet,
1987):

R
N, =k (5"

p

(3.2.3.1)

D

where *f is the fractal dimension and kf is the fractal prefactor. The scattering intensity, 1,,(6) ,

can be expressed as follows (van der Hulst, 1981)
1,0)=0,(0)SR (323.2)
where O,,(0) is the scattering coefficient and SR is the system response. For fractal aggregates
0,,(0) can be written as

Q,(6)= ICC’V (@)n(N,)dN, (3.23.3)
where (N p) is the distribution function of &V, r, that is, the number of primary particles per an

aggregate. From Rayleigh-Debye-Gans(RDG) theory (Bohren and Huffman, 1983), the differential

scattering cross section of a fractal aggregate, C,,,(€) can be expressed as
C.(0)=N,Ci(0)f(qR,) (3.2.3.4)

where the structure factor, f (ng) , is expressed as follows in the Guinier (small angle) and

power law (large angle) regimes, respectively (Martin and Hurd, 1987; Dobbins and Megaridis, 1991):

2p2

q° R,

J@R)=exp(—(qR,)* /3) = (1~ (—5))

Guinier regime (3.2.3.5)

-D
= (ng) ’ Power law regime (3.23.6)

here ¢ =(47/A)sin(0/2) and A is the wavelength. The average scattering coefficient can be
found by integration of Eq. 3 over the entire distribution.(Xing et al, 1999)

_ _ 2p2
Qw(e)—Qw(O)(l q R/ 3) Guinier regime (3.23.7)

2
where Rz is the N’ -weighted mean-square radius of gyration that can be determined from the
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linear slope of a Q. (0) versus-4° plot.

0,,0)=nk,Cl(qd,/2)”

Power law regime (3.23.8)
where "» is the number density of primary particles and d, is the primary particle diameter. D,

can be obtained from the linear slope of log( 0,6 )-versus-log(4) plot.

In previous studies having used light scattering, only point measurement method has been
applied. However, point measurement is very inconvenient and much time is needed in case that
measuring area is large and adjusting of a measuring position is difficult. In order to resolve this
problem, we used a sheet beam and an intensified charge coupled device (ICCD) camera for one
dimensional measurement. We applied this method to the premixed methane flat flame that produces
nonspherical silica nanoparticles to evaluate a potential of the method as a new diagnostic technique

for nonspherical particle diagnostics.
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® Methods

The new scattering method was applied to the measurement of nonspherical silica nanopariticles
produced in a premixed methane flat flame. A schematic diagram of the experimental apparatus is
shown in Fig. 3.2.3.1. We used a laminar premixed flame burner to synthesize silica nanoparticles.
The burner consists of a stainless steel tube of 25mm inside diameter in which a ceramic honeycomb
is packed and a flame stabilizer surrounding the tube. Silicon tetrachloride (SiCls) was used for the
generation of silica particles in flames. SiCly vapor was carried into the burner by bubbling SiCly
liquid with high purity nitrogen. The bubbler containing SiCly liquid was maintained at 27.5°C.The
gas flow rates were 0.3 slpm of methane, 0.84 slpm of oxygen, and 3.16 slpm of nitrogen,
corresponding to an equivalence ratio of 0.75. The flow rate of carrier gas, N», was 30 sccm and air of
80 slpm flowed into the flame stabilizer. Methane, air, and SiCly vapor were mixed prior to
mtroduction into the burner. The gas flows were regulated with a mass flow controller (MKS). The
scattering experiment was employed with an Ar-ion laser (Coherent Innova 90) having 1.2W output
power operating at 514.5 nm wavelength as a light source. The vertically polarized laser beam was
transformed into a sheet with one concave and one convexcylindrical lenses. The scatted light passed
through an interference filter centered at 514.5nm and a polarizer and detected by an intensified
charge coupled device (ICCD) camera (Princeton Instruments). Scattering angles in the range of
10-150° were adjusted with a rotator. The flame temperatures were measured using a B type
thermocouple in the absence of silica particles. The thermocouple output was corrected for radiative
heat transfer loss, which basically included a radiation/convection heat transfer balance assuming
negligible lead loss by conduction. The particles were extracted at several positions in the flame using
a local thermophoretic sampling device and observed with a transmission electron microscope (TEM).
The measured flame temperature distribution is shown in Fig. 3.2.3.2. The temperature is 1790K at
z=1.5 mm and the temperature decreases to 1470K at z=30mm. A flat temperature distribution with
radial distance is obtained at low positions of flame in which entrainment of ambient air is small.
Under this condition, it is expected that a particle distribution across the radial distance is uniform at a

given axial distance.
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Fig. 3.2.3.1. Schematic diagram of the laser light scattering apparatus.
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® Results and discussion

Fig. 3.2.3.3. shows the TEM image of the silica particles extracted from the flame at the axial
distance of r=0mm. All particles are aggregates and the primary particle size is almost constant with
axial distance. This indicates that the silica particles were almost not sintered and underwent
coagulation mainly because the flame temperature was not high enough. This condition enabled the
laser scattering technique based on Rayleigh-Debye-Gans scattering theory to be applied to this
system. Fig. 3.2.3.4.(a) shows the images of scattered signals measured with ICCD camera. The width
of the image is maximum at a scattering angle, 6=90° and decreases as scattering angles get larger or
smaller than 90° since they are proportional to sin 6. As can be seen from Fig. 3.2.3.4.(b), the scattered
signal intensity distribution is very flat, which explains that the particle distribution is uniform with
the radial distance at a given axial position. The angular scattering coefficient patterns are shown in
Fig. 3.2.3.5. Scattering coefficient in the forward direction (small g) was always larger than the one in
the backward direction (large ¢). This is clear evidence that the silica particles in our reactor departed
from the Rayleigh scattering common for particles much smaller than the wavelength of light source.

Fig. 3.2.3.6. shows the measured mean radius of gyration that was obtained from the slope of least

square linear fit of a 0 (0) versus-4° plot at angles from 8=10° to 6=20°, We can see in Fig. 3.2.3.6.
that the radius of gyration obtained by one dimensional measurement technique is in good agreement
with that given by the point measurement. The silica particles exhibit rapid growth at low heights,
which tends to slow down with increasing distance. This behavior takes place because many particles
are generated by chemical reaction close to the flame front and coagulation of particles by collision

occurs briskly due to the high temperature at low heights. Fig. 3.2.3.7. shows the measured fractal

D
dimension. As suggested by Eq. 8, the scattering coefficient varies inversely with 4 ~ in the power

law regime. Therefore, the fractal dimension of the silica aggregates can be determined from the slope

of log( 0, () )-versus-log(4 ) plot. To ensure that a scattering behavior is consistent with Eq. 8§, we

D

inferred “’s from least squares fits at angles from 6=110° to 6=150°. The fractal dimension by new

technique is also in a good agreement with the results obtained with the point measurement method.
D A

The increase of with axial distance was an indication of aggregate restructuring; i.e., the structure

became more compact as the residence time in flame increased.
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3.3. Elucidation of unknown fundamental phenomena

3.3.1 Measurement and calculation of flame temperatures and particle size distributions in a

® Introduction

A counter-flow flame burner used in this study is similar in the configuration to that made by
Chung and Katz (1985). The schematic of the counter-flow-type burner is shown in Fig. 3.3.3.1.. Two
symmetric ducts with a rectangular channel stand in vertical opposite directions. The dimension of the
main channel is 63.5 mm 12.7 mm. Fuel (H,) and precursor (SiCls) are mixed and diluted with
N2before they are injected upward through the lower channel. Similarly, the oxidizer (O,) is diluted
with N; before it is supplied downward through the upper channel. The separation distance between
lower channel and upper channel is 15 mm. To keep a stabilized and steady flame configuration, a
honeycomb was installed inside channels. Two pairs of cases having different flame temperatures are
tested to investigate temperature effect on particle generation and, in each case, flame characteristics

with SiCls addition in fuel stream is compared with those without SiCly. The flow conditions for the

counter-flow diffusion flame

cases tested are shown in Table 3.3.1.1.

Case Lower channel Upper channel
H, Na SiCl, (0)3 N,
1 1000 3000 0 700 3000
It 1000 2900 100 700 3000
I 2000 2000 0 1400 1100
v 2000 1900 100 1400 1100
Flame#1 1350 978 10 or 19 1227 250
Hung 2263 1168 4.6 1818 167

Table 3.3:1.1. Flow rates for the tested cases (units in cc per minute at 298 K and 1 bar).
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Fig. 3.3.1.1. The counter-flow diffusion burner used as a tool for generating fine silica particles in

hydrogen-oxygen flames.
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® Methods

The present study adopts a broadband coherent anti-Stokes Raman spectroscopy (CARS) from
nitrogen to measure temperature (Hwang et al, 2001), which is appropriate for measuring
temperatures in silica generating flames since the signal efficiency is high and the corresponding
Raman shift of nitrogen can be effectively isolated from those of other species and silica particles
(Stolen and Walrafen, 1976; Eckbreth, 1988). The CARS system adopts a folded box-type optical
geometry (Eckbreth et al., 1984) and corresponding measuring volume has about 25 mm diameter and
0.5 mm length. A Q-switched Nd:YAG laser (Spectra Physics, GCR-150) is used as a pump laser
which emits a 10 Hz pulsed laser beam with 532 nm wavelength, 7 ns duration, 1 cm-1line width, and
250 mJ energy per pulse. A modeless dye laser emits Stokes beam having 100 cm ' bandwidth, 607 nm
mean wavelength, and 15 mJ energy per pulse. The signal detection part consists ofa monochromator
(Acton, AM510; 1200 gv/mm) and an optical multi-channel analyzer (OMA; Princeton Instruments,
IRY-700G/RB), having 1 cm™ resolution. Experimental detail for the CARS measurement is described
in Hwang et al. (2001).

Concentrations of OH radicals have been measured qualitatively by using a PLIF technique

(Alden et al., 1982). For the excitation of OH radical, Q(6) line of 282.95 nm with A*Z* — X*TI(1,
0) transition is adopted since this has been reported to result in the weakest temperature dependence of
the fluorescence signal across the flame field of view, (Kychakoff et al., 1984; Allen and Hanson,
1986). An optical system comprising a Nd:YAG laser (Continuum, PL8000), a dye laser (Continuum,
ND6000), and a frequency doubler (Continuum, UVT) generates a incident laser sheet beam of 15 mm
300 mm size having 10 ns duration, 1 cm™ line width, and 107 W/em?/em™ spectral intensity which is
relatively high compared to the saturation intensity for OH excitation (Eckbreth, 1988). An ICCD
camera (Princeton Instrument, ICCD-576) with 576 X 384 pixels equipped with WG 305 and UG 11
filters detects fluorescence signals. Light scattering from silica particles has been monitored to
visualize silica particles by using 532 nm planar laser sheet beam from the Nd:YAG laser and the
ICCD camera as a light source and a detector, respectively.

Numerical calculations were conducted to model silica generation and possible changes in flame
structure with the silica generation. The reaction mechanism consists of 19 species and 43 reaction
steps including 19 oxy-hydrogen reactions (Mass and Warnatz, 1988) and 19 reactions related to
chlorinated species (Ho ef al., 1992) as well as silica formation reactions via oxidation (Powers, 1978)
and hydrolysis (Kochubei, 1997) of SiCls. Phase changes of SiO, from vapor to solid and vice versa
are also included. Govering equations and numerical schemes have been presented in Lee and Chung
(1994) and Smooke (1982). Thermodynamic and transport properties are calculated using CHEMKIN
II (Kee et al., 1989) and TRANSPORT PACKAGES (Kee et al., 1983).

A localized thermophoretic sampling technique is known to collect the particles at a certain place.
Such a technique was successfully applied in the case of co-flow flames (Cho and Choi, 2000).
Counter-flow non-premixed flame produces a more narrow and flat reaction zone compared with

co-flow non-premixed flame. Therefore it is inappropriate to insert the usual thermophoretic sampling

151



probe into a thin flame structure. To minimize the perturbation of flame, we modified a sampling
probe into a thinner one than that used by Cho and Choi (2000). A 0.1 mm-thickness sheath was
installed to protect TEM grid from being exposed to the deposition of particles while being inserted
into the flames and subtracted from the flames. The sheath acts forward and backward by a 15
mm-double-acting pneumatic cylinder. The total thickness of the sampling probe assembly is 0.9 mm.
The collected silica particles were observed with a transmission electron microscope (TEM,
JEM-200CX). From the analysis of TEM images, we measured projected area equivalent diameter
(PAED) and surface area mean diameter (SAMD). The measuring procedure is as follows.

The number of primary particles in an agglomerate can be determined by the primary particle
diameter and projected area measured directly from TEM images. The following formula gives the
relationship between the number of primary particles in an agglomerate and projected area (Kyl et al,,
1995; Sorensen et al, 1992)

A 1.09 A 1.09
N,=115-22| =115 —2%L
A, nd> /4 (3.3.1.9)

pri

In Eq (9), N, is the number of primary particles in an agglomerate, d, is the primary particle
diameter, 4,,; is the area of the primary particle, A, is the projected area of an agglomerate. PAED
can be obtained from the measurement of projected area. PAED is the diameter of a spherical particle

having the same projected area as an agglomerate, and hence defined as

PAED = My
N £ (3.3.1.10)

Assuming that primary particles comprising an agglomerate are spherical, of a constant diameter

in an agglomerate and touched at point, we can define the surface area per an agglomerate(SA) as
2
SA=N,nd, (3.3.1.11)

Taking into consideration of an imaginary spherical particle having the same surface area as SA,

we can define SAED as
SA4
SAED _\/7{ (3.3.1.12)

And then we can define SAMD, which is a SAED weighted with SA.

> SASAED,

SAMD = 4o
254 (3.3.1.13)

The aggregate number density can be determined using the light scattering technique together
with localized thermophoretic sampling (see Cho and Choi, 2000). This method enables us to obtain
aggregate number density by using the Rayleigh-Debye-Gans light scattering theory with the

information of aggregate properties measured from TEM image.
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©® Results and discussion

In order to study systematically the effect of SiCl, addition and silica generation on flame
structure, numerical analysis has been conducted. The present calculation adopted the detailed
chemical mechanism based on oxy-hydrogen reactions of Mass and Warnatz (1988). Reactions for
silica formation via oxidation (Powers, 1978) and hydrolysis (Kochubei, 1997) of SiCl, are included in
the calculation where the rate of reactions for the intermediate species and phase transition of silicon
dioxides between gas and solid are assumed sufficiently fast such that the phase transition maintains
equilibrium state controlled by temperature. Reactions related to chlorinated species suggested by Ho
et al.(1992) are also added to the scheme. Calculated temperatures and OH concentrations for cases I
and II are compared to the experimental results in Fig. 3.3.1.2., demonstrating that the present model
successfully predicts temperatures and OH concentrations for both flames with and without SiCl,.
Numerical analysis reveals that the temperature decrease with SiClsaddition in the preheated zone is
mainly due to the increase in specific heat of the gas mixture. On the other hand, the increase of the
temperature gradient in the particle formation zone results from the exothermic reactions where the
release of latent heat during phase transition of SiO,vapor to the particle is the most important
considering that the temperature of the particle zone is sufficiently small compared to the boiling
temperature of SiO,. Also, a sensitivity analysis demonstrated that the decrease of OH concentration is
owing to HCI generated during hydrolysis of SiCls which depletes OH radicals. Other flames are also
mvestigated both experimentally and numerically in order to verify temperature dependency of the
present model. Fig 3.3.1.3 shows the profiles of measured and calculated temperatures and OH
concentrations for cases III and IV. The result demonstrates that these cases have extremely high
flame temperature over 2700 K and that the present model underestimates the decrease in OH
concentration with SiCly addition. The disagreement for the high temperature flames implies possible
OH consumption via direct reactions between OH radicals and silicon chlorides, which is expected to

be highly sensitive to temperature.
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In order to study characteristics of silica generation with respect to flame structure, calculated
profiles of temperature, T, particle velocity, U, SiO; scattering signal, Oy, and calculated formation
rate of SiOx(8S), Rsioz, for case I are shown in Fig. 3.3.1.4. Here particle velocity is determined from
gas velocity and thermophoretic velocity assuming free molecular regime for particles (Wang ef al.,
1996; Kang et al., 1997). Fig. 3.3.1.4(a) shows flame structure in case II. The particle stagnation plane
1s located at Z=6.3 mm and flame is located in the oxidizer side of the stagnation plane near Z~8 mm.
As shown in Fig. 3.3.1.4(b), formation of SiO, mainly occurs between flame and the stagnation plane
(6<Z<8.5 mm) where temperature ranges from 1200 K to 1750 K. Generated SiO, monomers
coagulate moving tostagnation plane so that both mass concentration and average sizes of aggregates
increase approaching the stagnation plane. Therefore, a scattering signal of silica particles shows
skewed aspects from flame to stagnation having maximum value at the particle stagnation plane. Fig.
3.3.1.5. shows the flame structure and characteristics of particle formation for the high temperature
flame (case IV), which are quite different from those of the low temperature flame (case II). Even
though locations of the particle stagnation plane (Z=6.4 mm) and flame (Z~8 mm) are nearly the same
as in case II, temperatures at the stagnation and flame are over 1000 K higher than those in case II.

More drastic difference appears in characteristics of silica formation. Silica formation occurs in
fuel side of the stagnation plane due to elevated temperature in the preheated zone. Consequently,
generated particles are transported towards high temperature region undergoing particle growth so that
the profile of scattering signal is inversely skewed compared to case II. Moreover, the formation rate
has double peaks; the low temperature peak represent the silica formation by hydrolysis of SiCls and
the high temperature peak is resulted from oxidation of SiCls. Interestingly, the scattering signal
decreases before particles reach the stagnation plane at Z=6.2 mm where temperature is about 2300 K.
This is consistent with the numerical result considering that the calculated silica formation rate
decreases rapidly at Z=5.9 and has negative values at Z=6.2 where the scattering signal starts to
decrease. Reduction of silica formation rate at the extremely high temperature region over 2200 K is
due to the phase transition of silica particles by vaporization. The decrease of scattering signal can be
partly responsible for the decrease of scattering cross sections of silica aggregates by sintering process

since the rate of sintering process increases fast with temperature.
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To examine useful particle diameters to be used as a proper tool for two-dimensional microscope
images of fine particles, we performed the localized thermophoretic sampling on condition of Hung
and Katz's (1985) experiment (the flame condition is listed in Table 1.). PAED, SAED and SAMD
were compared with hydrodynamic diameter (HD) obtained using dynamic light scattering by Hung
and Katz (1985) and surface area mean diameters calculated numerically by Lee et al. (2001). The
changes of the various diameters along the distance from the exit of fuel and SiCls were shown in Fig.
3.3.1.6.. PAED and HD made a better agreement with the result of hybrid sintering model. On the
contrary, SAMD agreed with the result of the fast sintering model accompanied by the viscous
sintering model. The hybrid sintering model adopts an atomistic sintering model for small particles
and a viscous flow sintering model for large particles. As the characteristic coalescence time increases,
the particles have more time o grow into agglomerate. The characteristic coalescence time is known
to depend on the particle size. If the particle diameter is large, the coalescence time increases, and then
coalescence into a spherical particle is suppressed. It may be suggested that the atomistic diffusion
sintering model suppresses a particle coagulation due to the dependence of characteristic coalescence
time on dp3, resulting in a slow increase of the surface area mean diameter. In the case where the fast
sintering model is assumed, however, coalescence occurs instantaneously to create a large
agglomerate of 1024 monomers which has the properties of bulk materials (Lee et al., 2001). It means
that fast sintering model permits particles to coagulate into the large particles. The diameter calculated
from a fast sinteringmodel increases rapidly up to 4.2 mm where it begins to decrease following the
viscous sintering model. The observation of TEM images in Fig. 3.3.1.7. reveals that the agglomerate
starts to appear at z=3.8mm and move to grow until z=4.2 mm. At z=4.6 mm, both spherical particles
and agglomerate particles were observed and this is the result of coalescence at high temperature
region. Because the dominant growth mechanism in the regime up to z=4.2 mm is the agglomeration,

it is believed that SAMD is close to the diameter calculated from the fast sintering model.

159



0.40

0.30 +
3
3 -
G)
w 0.20
&
QO
()]
0.10

0.00

4.5

sphere, w/o diffusion

- — non-sphere, w/o diffusion, viscous

--------- non-sphere, w diffusion, viscous
non-sphere, w/ diffusion

(fast sintering + viscous)

non-sphere, w/ diffusion, atomistic

non-sphere, w/ diffusion, hybrid
—— Hydrodynamic diameter

[Hung & Katz,1992]

—e— Projected Area Equivalent Diameter
—— Surface Area Mean Diameter

—¥— Surface Area Equivalent Diameter

distance from fuel exit (mm)

Fig. 3.3.1.6. Various diameters of silicaparticles considered in this study. Comparison between

experimental data and numerical calculation by Lee et al. (2001) is also presented.

160



i

G

i

7

T

=

L
S

long

ing a

1

tic samp

d thermophore

icle captured by a localize

1t

ica pa

il

image of s

Fig. 3.3.1.7. TEM

the exit of fuel injection. [Hung's (1992) flame condition]

=54 mm

OF:

e

;(d)z=5.0 mm

7z=4.6 mm

(©

(b) z=4.2 mm;

8 mm;

z=3.

@)

1

16



Silica particles were collected in a different flame (Flame#1, the flow rates of gases are listed in
Table 3.3.1.1) using the method of localized thermophoretic sampling at various positions for the case
of 19 cc/min, 10 cc/min bubbling rates. When SiCl, was injected at the rate of 19cc/min, spherical
particles were not observed, even if the particles underwent the region where temperature is above
2000 K. On the contrary, when the injection rate of SiCls is 10 cc/min, the spherical particles started to
appear at z=5.4 mm. Fig. 3.3.1.8. shows the variations of PAED and SAMD of silica particles
generated in flame#1 as the distance from the exit increases. At z=4.4 mm, the ratios of PAED and
SAMD for 10 cc/min bubbling rates to those for 19 cc/min bubbling rates are 0.522 and 0.612,
respectively, that is, the larger particles were observed when SiCly was supplied at the rate of 19
cc/min. Conversion energy transferred from the surrounding into the particle is proportional to the
product of the surface area and coalescence time, that is, Deray’ ~ Dehar * teowr . Consequently, the
coalescence time of the particles generated at the rate of 19 cc/min bubbling was so longer than that in
the case of 10 cc/min bubbling that the particles could not coalesce into spherical particles. In addition
to the size effect on particle morphology, we can take into account the influence of the particle
residence time. The particles started to be observed at z=3.0 mm in case of 10 cc/min bubbling,
whereas the particles were not observed until z=3.6 mm when SiCl, was injectedat the rate of 19
cc/min. This means that the particles formed in the case of 10 cc/min injection pass through the flame
for longer residence time than those in the case of 19 cc/min injection. Moreover, it is believed that the
bubbling at the rate of 19 cc/min retarded the onset of silica particle generation, resulting in providing
the growing particles an insufficient residence time to coalesce. The aggregate number density of
silica aggregate particles generated in flame#1 are shown in Fig. 3.3.1.9. As one can see in Fig.
3.3.1.8. SAMD decreased about from 600 nm to 400 nm when SiCls was injected at the rate of 19
cc/min. Besides, Fig. 3.3.1.9. shows that Naincreased about 10 times in the location from z=3.6 mm to
z=5.2 mm. In the same region, SAMD decreased slightly and Naincreased about 10 times when the
bubbling rate was 10 cc/min. Energy transferred from the flame by hydrogen-oxygen reaction can be
used to break the osculation of loosely attached agglomerates as well as to fuse into a large spherical
particle. It is conceivable that the large decrease of SAMD and the increase of Nain the case of 19
cc/min bubbling may be attributed to the fact that the combustion energy is used only to detach the

weak linkage between coarse primary particles.
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3.3.2. Fragmentation of iron-oxide nanoparticles due to phase transformation

® Introduction

The formation and characterization of magnetic nanoparticles is the subject of intense research
due to their unusual magnetic behavior compared with the corresponding bulk materials(Merup, et al.,
1994). One of the most important features of magnetic nanoparticles is their superparamagnetic
property that is of great interest for potential applications including magnetocaloric refrigeration,
bioprocessing and ferrofluid technology(McMichael, et al., 1992). The superparamagnetism is a
unique aspect of magnetism in nanoparticles(Awschalom, et al., 1995). Reducing the size of magnetic
particles and controlling their crystalline phase have greatly influenced the need for new or improved
methods of nanoparticle synthesis(Martinez, et al., 1998).
Maghemite (y-Fe,Os) nanoparticles have been widely studied for use in superparamagnetic
applications because of their high chemical stability as well as good magnetic properties(Lin, et al.,
1996, Chen, et al., 1998). Among many preparation methods for nanocrystalline y-Fe;Os particles,
gas-phase routes using a flame have certain advantages, one of which is that they can produce very
pure and fine nanocrystalline y-Fe,0; particles in a continuous way(Zachariah, et al., 1991). The size
and crystalline phase of particles are critical factors to determine magnetic properties and their
evolution in a flame is largely influenced by the flame temperature, precursor concentration and flow
coordinate (i.e. residence time)(Janzen, et al., 1999, Choi, et al., 1999). The evolution of particle size
and crystalline phase not only provides information on how to obtain well-controlled nanoparticles,but
also understanding as to the formation and growth mechanism of nanoparticles in a flame.
In general, iron (III) oxide particles generated in a flame are known to grow continuously in size by
the collision and/or coalescence of particles as most of oxide particles do(Janzen and Roth, 2001, Lee,
et al., 2001, Lee and Choi, 2002). However, we found an unusual evolution of nanoparticles in a
flame: initially growing iron (III) oxide nanoparticles having about 20 nm size have been abruptly
transformed into ~3 nm sizes with the increasing flow coordinate i.e. the residence time of particles in
the flame, which was confirmed to be accompanied by a phase transformation. This phenomenon that
we found indicates that substantially different sizes and crystalline phases of Fe,O; nanoparticles can
be produced within a same flame depending on where to collect. These different particles (20 nm or

~3 nm) collected in a same flame obviously showed quite different magnetic properties.

@ Methods

An ion (III) acetylacetonate precursor powder, Fe(CsH;0,)s, contained in a stainless steel
chamber was maintained at 170°C in an electric furnace. The carrier gas (N;) including vapor-phase
ron (III) acetylacetonate was fed through the center of a co-axial burner. The combustion gases,
hydrogen and oxygen were injected through the next two concentric annuli in that order.
The flame temperature was controlled by altering [H,}/[O.], and was measured using a B-type

thermocouple. The average bead diameter was 0.56 mm and the output data were digitized with an
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A/D converter (Keithley Instruments Inc. DAS-8) and recorded in a PC, The flame temperature was
measured without feeding the precursor and the thermocouple stayed in a flame for sufficient time to
obtain steady data. The measured flame temperatures were corrected for radiative heat loss.

The sizes and shapes of iron (III) oxide particles were measured using a thermophoretic sampling with
TEM (Jeol, JEM-3000F) image processing. For this purpose, a localized thermophoretic sampling
device was used(Cho and Choi, 2000, Lee and Choi, 2000). which consists of a sampling probe
holding a TEM grid (carbon-coated copper grid, 200 mesh) and a shield that covers the grid. During
the sampling, the shield prevented the particles from being deposited onto the grid when the sampling
probe was inserted to and subtracted from a flame. The shield was retracted to expose the gnd for the
sampling duration (100 - 400 ms) only after the probe was located at a desired position within the
flame. To investigate the influence of the flow coordinate z (i.e. flame height from the burner exit), the
particles were collected at various heights, from 15 mm to 100 mm.

The particles synthesized in the oxy-hydrogen diffusion flame were also collected using a
water-cooled quartz tube for physico-chemical and magnetic analyses. The structural characterization
of the iron (III) oxide nanoparticles was performed by X-ray diffraction (XRD) using a Mac Science
MXP10XHF-22 diffractometer (6/28, Cu Ka radiation). Magnetic properties of the iron (III) oxide
nanoparticles were investigated using a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design, MPMS-XL).

® Results and discussion

The mean particle size increased slightly up to approximately 19 nm with the [H;]/[O:] ratio
above 0.8. Beginning with the [H,)/[O] ratio of 0.8 (the maximum flame temperature was around
1650°C) an unusual phenomenon was observed. Upon reaching the value of 20 nm at the flame height
of z ~ 35 mm, the mean particle size dramatically decreased to less than 5 nm at z ~ 45 mm. Further
increase of z did not significantly change the mean particle size. TEM imagesof iron (III) oxide
particles captured at different z with the [H;]/[O,] ratio of 0.8 are shown in Fig. 3.3.2.1. For z > 45
mm only ultrafine particles with size less than 5 nm can be observed (Fig. 3.3.2.1d).
High-resolution TEM (HRTEM) images of iron (IIT) oxide particles captured at different z are shown
in Fig. 3.3.2.2(a,b). Lattice fringes corresponding to the (220) planes of the y-Fe,Os cubic system are
seen for the particles collected at 20 mm (Fig 3.3.2.2(a)). For the 3 nm ultrafine particles (see Fig
3.3.2.2(b)) the lattice spacings of 2.70 A as well as 2.95 A were observed, which agreed with those of
(104) planes of a-Fe,0s and (220) planes of y-Fe,Os, respectively. No other phase was found.
Sharp and intense x-ray diffraction (XRD) peaks shown in Fig. 3.3.2.2(c) prove that 20 nm particles at
20 mm and 30 mm were y-Fe,Os particles. However, XRD peaks of the ultrafine particles at 60 mm
were broad and weak. To resolve broad peak in the XRD pattern a fitting by Pearson VII
functions(Hall, et al., 1977) was performed. Four components were determined to ensure the required
accuracy of the deconvolution (see the inset in Fig. 3.3.2.2¢). Pearson VII peaks B (26 = 33.10°) and C
(20 = 35.55°) were assigned to a (104) and a (110) reflection of a-Fe,Os, respectively. The Fe 2p x-ray
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photoelectron spectroscopy (XPS) spectrum of the ultrafine particles revealed the ion valence state of
Fe (III). Since the XPS spectrum showed no Fe;Os, Pearson VII peak A (26= 30.20°) and D (26 =
35.60°) should be attributed to a (220) and (311) reflection of y-Fe,Os, respectively. The width of each
of four peaks corresponds to the mean particle sizes of 2.3 - 2.7 nm. Then XRD results correspond to
the conclusion made from the TEM image analysis that the sudden decrease of the particle size was
accompanied by a partial phase transformation from y- into a-Fe,Os.

The magnetic susceptibility of nanoparticles, measured with a superconducting quantum interference
device (SQUID) magnetometer, is shown in Fig. 3.3.2.3(a). Markedly different susceptibilities are
obtained for particles captured from the same flame but at different heights. Note a typical
superparamagnetic behavior above the blocking temperature of 45 K for ultrafine nanoparticles
collected at 60 mm, which indicates a transition from ferrimagnetism to superparamagnetism. Fig.
3.3.2.3(b) shows the Md&ssbauer spectra for ultrafine particles. The disappearance of the 16 K sextet
(originating from the internal magnetic field (Greenwood and Gibb, 1971)) and the appearance of the
doublet at room temperature, confirms the superparamagnetic behavior concluded from the SQUID.
There is also seen the singlet, which was not observed for y-Fe;Os; nanoparticles of 3 nm coated with
silica(Zhang et al., 1997). Since the singlet line could also appear when ferric ion is in an ideal cubic
environment16, then the appearance of the singlet along with the doublet in our case can be
interpreted as an additional ferric ion singlet, givingthe reasonable parameters of the doublet with the
splitting of 1.1 mm/s (to be compared with the previously reported values of 0.9 mm/s and 1.19
mm/s(Xu et al., 2002)) and the isomer shift of about 0.25 mm/s for both the doublet and the singlet.

It is well known that the maghemite phase is metastable in the bulk though its stability can

considerably improve in nanoscale(Ye, et al.,, 1998). At a sufficiently high temperature T, g, the

energy barrier A = 270kJ/mol(Schimanke and Martin, 2000) separating y- and a-phases can be
overcome within the short residence time of a nanoparticle in flame (about 1 ms) as far as the rate of
the transformation is thermally activated(Boer and Dekkers, 2001). The heat release due to the

enthalpy difference(Laberty and Navrotsky, 1998), H, =15 kJ/mol, between y- and a- phases during

the fast transformation heats up the maghemite nanoparticle, which leads to the further acceleration of

the increase in its temperature, T, . This feedback results in instability of the initial phase leading to
the explosive fragmentation of the maghemite nanoparticle into much smaller components, part of
which has been converted into the a-phase.

To locate this structural instability we use the heat balance equation that determines the particle

temperature:

Oreat = Qoo =0, (3.3.2.1)

where the heat gain from the phase transformation in a particle of the radius# =10 nm and the

mass density p~5 g/cm’ can be written as
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In Egs. (3.3.2.2) and (3.3.2.3) the molar weight is # =100 g/mol for the iron oxide and

He = 29 g/mol for air; N, is the Avogadro number; 7 & 1.4 is the Poisson ratio for air; ky is the

Boltzmann constant; Py is the atmosphere pressure; & is the energy accommodation

coefficient(Goodman and Wachman, 1976), 7 is the characteristic time of the phase transition and %o
is the characteristic attempt time (2bout 10" s in our case). For simplicity, we neglected any other
contributions affecting heat balance, which do not alter the results significantly.

Fig. 3.3.2.4 provides a principal scenario (calculated with a=0.01) for the critical behavior of the
particle temperature according to Eq. (3.3.2.1). Note that there is an evidence(Altman, et al., 2001)
that a can be very small at high temperatures. One can see that for the flame temperature exceeding
1750 K there are no appropriate particle temperatures for the system to be stable at a given particle
radius of 10 nm while they still exist for the smaller particle radius of 2 nm. Thus on approaching the
critical temperature the particle should experience a sudden transition into some other stable state
which can be followed by the abrupt reduction of the characteristic particle size through the particle
fragmentation. Since the fast high temperature transformation towards the a-phase produces
mechanical strains, the natural way for the particle to keep the heat balance is to be fragmented into
considerably smaller particles. Such an explosion-like (or maybe peeling-like) transformation can not
be complete and we observe the mixture of both y- and a- phases in ultrafine nanoparticles of 3 nm.
This novel fragmentation phenomenon can be used to obtain substantially different sizes and phases of
nanoparticles having different properties from the same flame. We believe that the fragmentation

phenomenon revealed is general and applicable for other complex oxides.
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Fig. 3.3.2.1. TEM images of Fe,Os nanoparticles captured at (a) 35
mm, {(b) 40 mm, (c) 43 mm, and (d) 45 mm. The [H;}/[O,] ratio was
0.8. The selected area diffraction (SAD) pattern for a 20 nm particle

(indicated by the black arrow) shows that this particle is a single
crystal maghemite. Particles captured at 40 mm show a distinct
bimodal size distribution (the mean particle sizes of 20 nm and 3-4)
As zincreases, the number of large particles decreases while the

number of small particles increases,
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3.3.3. Magnetism of oxygen adsorbed on carbon-shell particles

@ Introduction

The study of magnetic properties of oxygen adsorbed on a surface has a long history. The interest
particularly is caused by the ability of oxygen to create a magnetic phase at low temperatures cite
(Tague, 1976; Nielsen, 1979, DeFotis,1981; Murakami,1996; Shibata,1998, Murakamil998). Being
adsorbed on different substrates oxygen can form amorphous layers which are a convenient ground to
test theoretical models describing magnetic systems. At the same time, despite many years of study of
oxygen magnetism, many important aspects of its behavior remain open. So, for low oxygen coverage
the careful measurements of oxygen magnetization are lacking. Note, that in the papers devoted to the
study of magnetism of oxygen adsorbed on different substrates the main attention was paid to the
study of the M-Tcurves (Gregory, 1977; Gregory, 1978; Gregory, 1981; Kbler, 1987; Kanoh, 1995;
Kaneko, 1998; Tohdoh, 2001), which may bring only the general information on magnetic behavior.
Such details as the characteristics of the oxygen spin-spin interaction and its interaction with the
substrate could be extracted from peculiarities of the M-H curves at low temperatures appearing
against paramagnetic saturation. However, such experiments have not been done yet. It isworth
mentioning that for the analysis of the oxygen magnetization measurements the reliable information
on the orientation distribution of oxygen molecular axes is needed. The best case for the analysis is the
one when all the axes are parallel. However,such a case is unlikely achieved in the experiment due to
the usual non-perfect parallelism of the adsorbing surfaces (Nielsen, 1979; Murakami, 1998). The
possible tilt angle (as well as its distribution) of the oxygen molecule on the surface also leads to a
lack of the oxygen axis parallelism. Another possible case, which can be analyzed, is realized at the
random orientation distribution of the oxygen molecular axes. This is easily achieved at the random
orientation distribution of the adsorbing surfaces.

In the present research we carefully investigate the magnetization of oxygen adsorbed on the
surface of onion-like carbon nanoparticles at low oxygen coverage. These particles consist of
contiguous graphitic shells (which are the ideal substrate for oxygen adsorption). The choice of the
onion-like carbon nanoparticles for this research is caused by the particle purity and uniformity that is
crucial for an analysis of the experimental results. Let us emphasize that the randomness of the
graphitic shells orientations yields the randomness of the oxygen molecular axis orientations.

The onion-like carbon nanoparticles are synthesized utilizing the same experimental setup as we
used to control the size, morphology, and crystalline phase of silica and titania nanoparticles during
their formation in flames (Lee, 2000; Altman, 2001; Lee, 2001; Lee, 2002). The particles were
generated as a result of the acetylene conversion in a co-flow oxy-hydrogen diffusion flame that is
irradiated by the laser beam. The detail description of the particle synthesis is done in the other
chapters. The transmission electron microscope (TEM) images of the particles are shown in Figure
3.3.3.1. As one can see in Fig. 3.3.3.1 the synthesized particles are identical in structure and do not

have any impurities.
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Figure 3.3.3.1. TEM images of the onion-like carbon nanoparticles.

@ Methods

The magnetization of oxygen adsorbed on a substrate can be derived from the experimental data
as follows. First, the magnetization of the substrate is measured in an applied magnetic field. Then it is
subtracted from the magnetization of the same substrate having been exposed to some oxygen dose.
The obtained difference is ascribed to the magnetization of adsorbed oxygen. In order to succeed such
a procedure the accuracy of measurements should be very high, especially when low oxygen coverage
is studied. However, if the sample is sealed in a container for the measurements (as is usually done),
an imperfection of making the exactly same sealing for both cases (with and without oxygen) does not
allow one to extract the oxygen magnetization unambiguously at least at low coverage. At the same
time if the substrate is exposed to oxygen adsorption just inside the measuring system, then the
problem related to the magnetization variation from a sealing substance disappears, and therefore, the
additional magnetization coming from the adsorbed oxygen can be measured very precisely. Although
the described method does not allow one to know the exact amount of oxygen adsorbed, the
experimental data on oxygen magnetization at low coverage can be treated in a proper way described
below.

Let us describe our experiment in detail. The magnetization measurements were carried out with a
commercial SQUID (superconducting quantuminterference device) magnetometer (Quantum Design,
MPMS 7). In order to adsorb oxygen on the surface of particles we utilized a device peculiarity of the
SQUID system containing a little amount of oxygen inside the sample chamber due to a leakage. The
carbon nanoparticles were put in a gelatin capsule attached to the transport rod by a straw. The mass of
carbon nanoparticles in the experiment we report was m=16.22 mg. We found out that if such a
sample is kept inside the SQUID at a fixed temperature rangedfrom about 55 K to about 100 K its
magnetic moment at an applied magnetic field increases with time. At temperatures below 55 K the
magnetic moment did not change with time. No change of the sample magnetic moment was found in

the case when the gelatin capsule did not contain any carbon nanoparticles. We concluded that oxygen
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precipitated on the capsule being a liquid at temperatures above 55 K could penetrate the gelatin
capsule and be adsorbed on the surface of the carbon nanoparticles leading to the increase of the
magnetic moment. At temperatures below 55 K the adsorption does not occur likely due to oxygen
freezing. Then if the sample is maintained at a temperature above 55 K and then cooled down, the
additional magnetic moment at low temperatures comes from the adsorbed oxygen. Since the
magnetic moment before and after oxygen adsorption is measured for the same sample, the high
precision in determination of the additional magnetic moment is easily achieved that allows one to
study low oxygen coverage accurately.

We introduced the sample into the SQUID at about 5 K and measured its magnetic moment at the
temperatures not exceeding 55 K, which was used as a reference value. Then the sample was heated
up to 60 K and was maintained at this temperature for a different time to provide different oxygen
doses adsorbed. After this the sample was cooled down and its magnetization was measured again.
Subtracting the data we obtained M-T (magnetic moment vs. temperature) curves and M-H(magnetic
moment vs. applied magnetic field) curves at the different temperatures for the magnetization coming
from the adsorbed oxygen at different coverage values. Since we do not know the actual amount of
oxygen adsorbed hereinafter we present data with the magnetic moment instead of the magnetization

of adsorbed oxygen commonly used.

® Results and discussion

In order to demonstrate the occurrence of paramagnetic saturation we plotted in Figure 3.3.3.2 the
M-T curves measured for the same oxygen dose at different magnetic fields (0.05 T and 7 T). The
M-Tcurve at the low magnetic field is scaled for a comparison. As one can see at the low temperatures
the magnetic moment at the high magnetic field is much smaller than that (being scaled) at the low
magnetic field. It certainly comes from the paramagnetic saturation. Note that the low temperature part
of the M-Tcurve at a low magnetic field can be represented by the Curie-Weiss law [M=C/(T-8)] with
the Weiss temperature, -3 K, which is extracted from the linear M-/-T dependence (see theinset in
Fig. 3.3.3.2). As one can see the Curie-Weiss dependence is violated at temperatures above about
$128 K. The latter temperature is the same as that for the magnetic transition recently reported for
mono- bilayer oxygen adsorbed on the graphite (Murakami, 1996).

For a careful analysis of the paramagnetic saturation we studied M-Hcurves measured at different
temperatures for the same oxygen dose. The typical M-Hcurve at 2 K is shown in Figure 3.3.3.3. As
we mentioned earlier we could not control the exact amount of oxygen coverage. At the same time it is
clear, that, for instance, the value of the magnetic moment, Mp, at the maximal magnetic field Hy (7 T
in our experiment) increases with coverage increase. Then it can characterize the coverage. Moreover,
we found out a scaling of the M-H curves, which means that after multiplication of the magnetic
moment by a corresponding factor all M-H curves exactly coincide (see the inset in Fig. 3.3.3.3 where
the data for minimal and maximal coverage are presented). It allows one to claim that M(&) is

proportional to the oxygen coverage. Since M, was varied in about 44 times in our experiment (from
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0.00064 emu to 0.028 emu), then the oxygen coverage was also changed in the same manner. The
absolute value of the coverage will be discussed below. The M-Hcurve shown in Fig. 3.3.3.3 exhibits
a saturating trend at high magnetic field conventional for paramagnetic systems. Such a behavior
might be described by the Brillouin (Bs) function as Vonsovskii, 1974

M=NgSusBs(d), (3.3.3.1)

where N is the number of paramagnetic centers, g is their g-factor and S is the value of the spin; &
=gSupH/(ksT), and kp are the Bohr magneton and the Boltzmann constant. Hereinafter we use the
value of g=2. The best fit to the experimental data (see Fig. 3.3.3.3) corresponds to §=0.032. So small
a spin value of an oxygen molecule (which has unity spin in the ground state) is unrealistic even
taking into account the spin reduction for a 2D oxygen system discussed elsewhere (Murakami, 1998).
The fit with the value of S=1 is also presented in Fig. 3.3.3.3 for a comparison. The impossibility to fit
the data with a realistic value of spin might be related to the occurrence of antiferromagnetic
interaction in the system. In this case instead of the applied magnetic field H in Eq. (3.3.3.1) the
effective one H,zshould be substituted in the expression for . Usually it is written as Hyy=H-Hin, with

the interaction field (in the mean-field approximation) H;,=aM.
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Figure 3.3.3.2.
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Figure 3.3.3.3. The typical M-H curve measured at 2 K for oxygen adsorbed on carbon nanoparticles.
The different fittings are also presented. The inset demonstrates the scaling of the
magnetic moment. The magnetic moment at minimal coverage is multiplied by the

factor of 44 for a comparison.

Instead of finding out the constant that gives the best fit, we extracted the actual Hi.(M)
dependence, which would lead to the M-Hcurves observed in the experiment. The idea we applied is
very simple. It is illustrated in Figure 3.3.3.4 where the M-H curves at different temperatures are
given. If Eq. (3.3.3.1) with H.y works then the points with the same M but at the different temperatures
correspond to the same values of He/T. From the experimental data we can derive the values of H
yielding the same magnitudes of the magnetic moment $M$ at the different temperatures. Then due to
the perfect linearity of H against T (see the inset in Fig. 4), the intercept of the H(7) dependence at a
certain value of Mwith Y-axis gives the value of Hint at this value of the moment, while the slope of
the dependence gives the value of H.s/T. The H;,(M)dependence extracted in this way is presented in
Figure 3.3.3.5. We are not aware of any model being able to give such a dependence of the
antiferromagnetic exchange field upon the magnetic moment. We claim that the dependence in Fig.
3.3.3.5 is rather apparent than the real one. It likely comes from the incorrect consideration of the
oxygen spin behavior made above.

Indeed, using Eq. (3.3.3.1) to fit the experimental data we implicitly assume that all oxygen
molecules contributing to the magnetic moment have spins parallel to the magnetic field. It may be
correct only in the case of free molecules. However, it is undoubtedly wrong in the case of oxygen

molecules attached to the surface since the spin direction of an oxygen molecule is determined by its
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molecular axis. Let us find out more realistic expression of magnetic moment.

In the case of the random distribution of the molecular axis directions the expression

EJ-B 5 cos(@ ]cos(8)51n(9)d9
BS &)= :

5
[sin(6)do (3.332)

should be used in Eq. (3.3.3.1) instead of BS(¢). As one can easily see the averaging according to Eq.
(3-3.3.2) leads to the reduction of the magnitude of the magnetic moment compared to that given by
Eq. (3.3.3.1) at the same values of all the parameters. The reduction at a low magnetic field is 3 times

while at a high magnetic field it is 2 times. We will discuss these numbers below. The fit using the
B [ 3 ) function is given in Figure 3.3.3.6 showing much better agreement with the experimental data
than the fit with the Bg(¢)function.

Although the idea about the random spin distribution for non-interacting adsorbed oxygen

molecules might explain the straightening of the experimental M-H curve compared with that for the
free spins described by the Bg(¢) function, it does not fit the M-Hcurve in detail. Furthermore, the M-T

dependence at the low magnetic field calculated using the expression M=NgSuzB S(E Sobeys the

Curie law but not the Curie-Weiss one. It means that some additional assumptions are needed to match
the experimental data (it would be possible if the fitting function is more straightened than the one
with $=1).
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Figure 3.3.3.4. The M-H curves measured at different temperatures for oxygen adsorbed on the carbon
nanoparticles. The procedure of the extraction of the H;,(M) dependence with the
assumption of the strong antiferromagnetic interaction in the system (see text) is

illustrated. The inset demonstrates a possibility of the procedure suggested.
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In order to improve the fitting we may introduce a spin-spin interaction. The spin Hamiltonian can
be expressed as

ﬁint = _zz th §:~Sj

Yy (3.33.3)

It is worth noting that in the system like ours the rigorous description of the spin-spin interaction
is clumsy even for neighbor spins. The latter comes from the non-parallelism ofthe oxygen molecules
due to the tilt angle on the surface. Since we want only to check the influence of the spin-spin
interaction on the fitting but not to fit the experimental data precisely we can limit ourselves by the

simplest case of the interaction of the nearest neighbor spins considering them as the parallel ones. In

the latter case the product can be easily calculated. Then taking into account H\ for the system with

S=1 we obtain the following expression for the magnetic moment at the random spin

a2
f M H.Tsin(8)do
: fre ] b {} 3
MiH T=NgSug — . i4)
sid G i

o
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and A=-2J/kg.

As one can see at 4=0 the magnetic moment given by Eq. (3.3.3.4) exactly coincides with that
following from Eq. (3.3.3.1) using the By ( 13 ) function instead of the Bs(&) one at S=1. The use of Eq.

(3.3.3.4) at 4=0.9 K allows one to improve the fit of M-H curve significantly (see Fig. 3.3.3.6). The
sign of A4 corresponds to the antiferromagnetic interaction. Then the introduction of the
antiferromagnetism explains the observed Curie-Weiss temperature dependence of the magnetic
moment. It is worth noting finally that the straightening of the M-Hcurves due to the random
distribution of the spin directions is much stronger than that coming from the spin-spin interaction.
The specific surface area of the carbon nanoparticles, as, estimated from the TEM image is about
100 m*/g. Using Eq. (3.3.3.4), which fits the experimental M-H curves we can extract the number of
the oxygen molecules, N, contributing to the magnetic moment. Then the oxygen coverage, (p)

represented as

N
P= mag x6.36-10" (3.3.3.6)

can be easily calculated. The factor 6.36x10'® (molecules/m?) in the denominator in Eq. (3.3.3.6)
characterizes the density of Y3xV3 oxygen structure. We found out that in our experiment the oxygen
coverage calculated according to Eq. (3.3.3.6) varied from about 0.0077 to about 0.34 while its value
at the state shown in Figs. 3.3.3.2-4,6 was about 0.165. We have to reiterate that at the low
temperatures both M-H curves and M-T curves exhibited scaling at different coverage.

Our experiment undoubtedly demonstrates the randomness of the spin directions of the oxygen
molecules adsorbed on the surface. Then the geometrical averaging reduces the Curie constant of such
a system compared to that for the free spins. The reduction is about 3 for not very high magnitude of
the applied magnetic field. Such a reduction could be distinguished even in the previous papers
devoted to the study of the magnetization of adsorbed oxygen (Gregory, 1977; Kanoh, 1995) if the
low temperature susceptibility were {carefully examined. Then a comparison of the Curie constant for
adéorbed oxygen with that for free spin oxygen (but not with the reduced value) that had been done in
the recent papers on the oxygen magnetization has no sense.

The found scaling of the M-Hcurves (which means an independence of their shape on the
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coverage) comes from an independence of spin-spin interaction on the coverage, i.e. on the distance
between the oxygen molecules. It leads us to infer that the spin-spin interaction between the oxygen
molecules does not occur directly but is likely realized via a substrate. The weakness of the constant 4
needed in order to match the experimental dependence supports this suppose. In this case the constant
of the spin-spin interactionshould depend on the substrate substance. In order to check such a
hypothesis we additionally examined two substrates, namely, multi-walled carbon nanotubes
(MWNT) and MgO nanoparticles, which also may provide the randomness of the oxygen molecular
axis orientations. The magnetization of oxygen adsorbed on MWNT did not show any difference from
that for the carbon nanoparticles while some dissimilarity was found in the case of oxygen adsorbed
on the MgO nanoparticles confirming our assumption.

The Weiss temperature for oxygen adsorbed on the MgO nanoparticles was found from the M-T
curve to be about -2 K unlike the value of -3 K for oxygen on the carbon nanoparticles. The $M-H$

curves for both cases (oxygen on carbon and oxygen on MgO) are shown together in Figure 7 clearly

exhibiting the difference. The magnetization curve described by the expression M=NgSuz Bsig ) is

also plotted in Fig. 3.3.3.7 for a comparison. All the curves are scaled to the same value of M,. The

fitting of the M-H curves for the MgO case (see Fig. 7) gave us the value of 4=0.5 K unlike the value
of 4=0.9 K for carbon. We have to remind that the curve M=NgSuz B, [ I3 ) corresponds to zero value

of the constant 4. It is worth noting that the absolute values of the constant of the spin-spin interaction
are in agreement with the values of the Weiss temperatures, i.e. the absolute value of the Weiss
temperature increases with the 4 increase.

Although Eq. (3.3.3.4) perfectly fits the experimental M-H dependence at a given temperature it
fails to fit the M-Tdependence at a given applied magnetic field in detail. So, the ratio My(2 K)/Mo(8
K) extracted from the experiment with oxygen on the carbon nanoparticles is about 1.42 while its
value obtained using Eq. (3.3.3.4) is about 1.97. We believe that this discrepancy likely comes from
the spin reduction effect known for the 2D oxygen system (Murakami, 1998).
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Indeed, the magnitude of the spin reduction (and therefore the spin itself) may depend on the
temperature yielding some temperature dependence of the value considering as the constant in Eq.
(3.3.3.4). However, the analysis of this spin reduction lies beyond the scope of the present research.

Summarizing, we found an intriguing behavior of the magnetic moment of oxygen adsorbed on
different substrates at very low coverage. The analysis of corresponding M-H and M-Tcurves led to a
conclusion that it is an interplay between the substrate orientation of the oxygenmolecules and a weak
antiferromagnetism of unit spins occurring via the substrate that shows such a behavior. This
conclusion brings in the idea that the interaction of the oxygen molecules with the substrate (being
neglected in previous work) plays a crucial role (at least at low coverage) on the physical properties of

the system.
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3.3.4. Defect formation in SiO: nanoparticles

® Introduction

Silica nanoparticles are interesting due to their important technical applications in electronic and
optical nanodevices. Structural defects formed on the surface of nanoparticles are particularly
important since the surface defects influence the performance of the devices.

In bulk SiO, based material, the surface defects are well known and already extensively studied.
In particular, the surface defects are mainly determined by the content and properties of hydroxyl
groups (silanols) on the surface. The EPR spectrums on the surface of activated silica or -quartz have
been observed to be similar but not identical to those in the bulk crystal. It has been shown that the
electronic and optical properties of silica nanoparticles are different from those of the surface in bulk
materials, through experiments on lightabsorption. The mechanism of defect formation was proposed
from the experimental studies of the photoluminescence from hydrogen-related defects in silica
nanopaticles and the laser-induced defects in silica glasses. However, the defect states of silica
nanoparticles are rarely studied in theoretical side and are not clear. The characterization and control
of the intrinsic and laser-induced defects should be theoretically studied to show how topological
disorder and defects influence the properties of silica nanoparticles. The introduction of hydrogen has
strong effects on the electronic structure. Because of the technical importance, to understand the role
of hydrogen in silica nanoparticles is interesting. The optical excitation of materials leads to a change
of electronic structure in the ground state. The study of the exciton-induced relaxation could provide
the proper understanding of the ground states. The defects formed due to electronic excitation are also
of profound importance for various silica-based applications. It is interesting to analyze the spatial
localization of the defect states, whether they can be attributed to dangling bonds on the surface and
structural defects in the core of the nanoparticles. In the present research, we explored defect states of
SiO, nanoparticles using plane-wave density functional theory. The different types of defects, which
are dangling bonds, high-fold coordinates, hydrogen atoms, and vacancy of O atom, were studied. The
structural defects lead to narrowing of band gap and formation of localized states within band tail
(Urbach tail), which were experimentally measured in light absorption of silica nanoparticles. We
discuss the effects due to size, morphology, and different types of defects of nanoparticles on the
minimum energies and electronic and optical properties. The introduction of hydrogen atoms removes
the defect states near the Fermi level and increases the width of the gap energy. The relaxation under
the O atom vacancy also leads to removing the defect states near the Fermi level and increasing the
gap energy. We study the way in which hydrogen content and different types of defects influence the
band tail and the morphology. These defects formed in nanoparticles are compared with the
mechanism of defect states proposed from the experimental studies of the photoluminescence from
hydrogen-related defects in SiO, nanoparticles and the laser-induced defects in silica glasses. The
defect states of nanoparticles are also compared with those in the bulk and on the surface. The study of

defect states formed in nanoparticles can provide possible mechanism for chemical processes to occur
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on the surface of nanoparticles during formation. The characterization and control of the defects in

nanoparticles are thus important for the generation of nanoparticles.

® Methods

The DFT calculations were carried out using VASP. VASP is a plane-wave DFT code based on
the local-density approximation (LDA) and generalized gradient corrections (GGC) using the
Perdew-Wang 91 (PW91) functional. In addition, the ultrasoft Vanderbilt pseudopotential (USPP) and
spin polarization were used. The energy cutoffs were 20 Ry for the wave functions and 41 Ry for the
augmented electron density. Our calculations were done on 12-46 molecule cells with a 10 Avacuum
size. The effects of an increased thickness of the vacuum have been tested and found to be small. The
Brillouin zone of the cell was sampled only at the point. Additional k-points were found to have an
insignificant effect on both the structure and the relative energy. Optimization of the structures was
carried out using an iterative conjugate gradient minimization scheme. The DFT calculations
underestimate the band gap energies when compared with experimental estimates. However, spin
polarized DFT calculations have been studied to satisfactorily represent both the geometrical
structures and relative energy of different configurations for localized states by comparing DFT, HF,
MP2, and CAS-SCF calculations.

In order to find fully reconstructed structures for silica nanoparticles, we used a combination of
empirical and DFT-GGC techniques. For the compact type of structures, we start with perfect and
amorphous bulk systems and cut the systems to get nanoparticles of three different sizes including 12-,
24-, and 45-molecules with 10 Avacuum size in three dimension for an annealing procedure. We
melted the nanoparticle by heating it up to 3000 K, 2700 K, 2500 K, 2300 K, 2000 K, and 1000 K for
10000 ps using classical molecular dynamics with a BKS potential, independently. The temperature
was then slowly decreased to 0 K. The final structures were then fully relaxed within the DFT-GGC.
The nanoparticles were allowed to relax until the interatomic forces were smaller than 0.001 eV/A.
For each nanoparticle size, the different configurations are ordered by their energies per molecule and
the low energy isomers are considered. On the other hand, the elbngated type of structures are
obtained by sintering of nanoparticles. As starting point configuration, we use the lowest energy
structures of spherical type of nanoparticles, 6-, 12-, and 24-molecules, for the different sizes,
respectively. The replicate nanoparticles are placed in contact with one another, i.e., at a distance of
approach equal to the nearest-neighbor distance and melted at 3000 K, 2000 K, and 1000 K for 60000
ps using classical molecular dynamics with a BKS potential, independently. The temperature was then
slowly decreased to 0 K. The final structures were then fully relaxed within the DFT-GGC until the
interatomic forces were smaller than 0.001 eV/A. The different configurations are ordered by their
energies per molecule and the low energy isomers are considered for each nanoparticle size,

respectively.

187



® Results and discussion

The geometrical structures of low energy isomers of SiO, containing 12 molecules formed by
different types of defects are shown in Figure 3.3.4.1. The elongated type of structure, given by Figure
3.3.4.1(a), is the most energetically stable one we found. It was found that the structural transition
from elongated to spherical types of structures occur at a size of around 38 molecules. As indicated in
Table 3.3.4.1, Figure 3.3.4.1(a) consists of three dangling bonds of O atoms, one dangling bond of Si
atom, four overcoordinated Si atoms, and two overcoordinated O atoms. Figure 3.3.4.1(b) consists of
two dangling bonds of O atoms, eight overcoordinated Si atoms, and two overcoordinated O atoms.
The defects of Figure 3.3.4.1(c) are four dangling bonds of O atoms, one dangling bond of Si atom,
seven overcoordinated Si atoms, and two overcoordinated O atoms, while those of Figure 3.3.4.1(d)
are only four overcoordinated Si atoms. The band gap energies are 2.5, 1.0, 1.4, and 2.9 eV,
respectively. The presence of overcoordinated atoms leads to the formation of defects around the
Fermi energy. As can be seen, the number of these localized defect states around the Fermi energy
increases with increasing defect concentration due to the overcoordinated atoms, leading to the
narrowing of the band gap energy. Note that DFT cannot be expected to give accurate band gap
energies, but it can clarify their trends. The structures are minimized by forming double bonds from
the dangling bonds so the introduction of dangling bonds causes little change in the localized states in
the vicinity of the Fermi energy.

The double bond is shorter bond length (approximately 1.48 A) than that of single bond
(approximately 1.61 A). These defects could react with atomic or molecular hydrogen, leading to the
hydrogen-associated defect centers observed in EPR and IR spectra. Figures. 3.3.4.1(b), (c), and (d),
which are spherical type of structures, have energies approximately 0.1, 0.25, and 0.28 eV per
molecule higher than that of the most stable structure (Fig. 3.3.4.1(a)), respectively. It was found that
for the spherical type of structures the more spherical and compact the nanoparticles, the more stable
the structure. Most defects formed in SiO, isomers containing 12 molecules consist of dangling bonds
on O/Si atom and high-fold coordination due to Si-Si bonds and overcoordinated O atoms. These
defects are the main intrinsic structural defects formed in high-purity silica.

The density of states (DOS)characterizes the electronic and optical properties, in particular, the
defect states locate around the Fermi level. Figure 3.3.4.2 displays the DOS of the spherical type of
Si0; containing 12 molecules (Figure 3.3.4.1(b)) with different hydrogen concentrations. The
introduction of hydrogen atoms removes the defect states near the Fermi level in both the valence and
conduction bands. The defect concentration in hydrogenated silica nanoparticles is drastically reduced
according to the concentration of hydrogen atoms. The width of the gap energy is increased with an
increasing hydrogen concentration. The hydrogen atoms form hydrogen-associated species on the
surface of the nanoparticles such as Si-H and/or Si-OH in order to block the surface defects with
respect to the adsorption-desorption process. In particular, the introduction of the hydrogen atoms
removes Si-Si bonds as the structure is reconstructed. Our results indicate that hydrogen adsorption

significantly alters the electronic structures and modifies the properties of the nanoparticles. In

188



particular, passivation of the dangling bonds associated with the surface states of nanoparticles could
strongly influence the electronic and optical properties of nanoparticles. The different types of defects
including vacancy of O atom have also been studied in Figure 3.3.4.2. As can be seen, the relaxation
under the O atom vacancy also leads to removing the defect states near the Fermi level and increasing
the gap energy. The remove of O atom from the system leads to the structure fully reconstructed. The
ground state (singlet state) structure of the Figure 3.3.4.1(b) was relaxed under the triplet state of
electronic excitation. The exciton-induced relaxation leads to two self-trapped exciton states (STEs)
shown in Figure 3.3.4.1. In Figure 3.3.4.3(a), the triplet state of exciton is localized at O atom by
stretching the Si-O double bond with the displaced O-atom, leading to a dangling bond from the
double bond.

The Figure 3.3.4.3(b) shows that the exciton is localized at Si atom by forming dangling bond
with the displaced Si-atom. These exciton-induced structures of SiO, nanoparticles are very similar to
those in the bulk. It has been shown that the relative energy of different structures and the
singlet/triplet splitting for the STEs in silica clusters are represented quite well by the spin polarized
DFT calculations. The Si displaced structure has an energy lower by 1.3 eV than theO displaced one,
while the Si displaced structure has a similar energy with the O displaced one in the bulk. The excess
spin density is localized mainly on the one dangling bond and one double bond of O atoms and on the
two double bonds of O atoms and one dangling bond of Si atom, respectively.

If an electron is removed or added, the positively or negatively charged system is obtained. The
fully reconstructed structures with the positively and negatively charged states are shown in Figures
3.3.4.4(a) and (b), respectively. Compared to the exciton-induced structures, the geometrical
configuration with the positively charged state is very similar to the O-displaced structure formed
under exciton-induced relaxation. A valence hole is trapped at O atom by forming a dangling bond
from the double bond. On the other hand, the configuration with the negatively charged state is very
similar to the Si-displaced one formed under exciton-induced relaxation. An excess electron is trapped
at the Si atom, leading to Si dangling bond.

The size of nanoparticles plays an important role in the electronic and optical properties because
of the large surface area via the volume. Here it would be interesting to see how the size of
nanoparticles influences on the geometrical structures and the bonding energy per molecule. Figures
3.3.4.5(a), (b), and (c) show the local minimum structures of SiO,containing 12 molecules, 24
molecules, and 45 molecules, respectively. The bonding energy per molecule in 45 molecules of SiO,
is lower by 0.8 eV than that of 12 molecules and lower by 0.4 eV than that of 24 molecules of SiOs.
The size of silica nanoparticles, in which the bonding energy per molecule in the nanoparticles is close
to that of the bulk materials, can be obtained from the trends of the bonding energy as a function of the
size. This estimation leads to the critical size of nanoparticles to present the electronic and optical
properties different with those of bulk materials. We analyse the spatial localization of the defect
states of the spherical and elongated types in 45- and 46-molecules of SiO, respectively, whether they
can be attributed to dangling bonds on the surface and structural defects in the core of the
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nanoparticles. For the spherical case, in order to remove the structural defects in the core of the
nanoparticles, we start with perfect bulk system containing 45 molecules. We melted the nanoparticle
by heating it up to 2000 K for 20000 ps using classical molecular dynamics with a BKS potential. The
temperature was then slowly decreased to zero keeping freezing the core atoms. The structure was
fully relaxed within DFT, all of the atoms being allowed to relax. The core region is a crystalline bulk
like structure and the surface atoms are reconstructed. The comparison of different types of defects
between the spherical without and with the crystalline core are listed in Table 3.3.4.2.

For the crystalline core structure, the high-fold coordination defects due to Si-Si bonds in the
core structure decrease, whiles the dangling bonds on the surface increase. Figures 3.3.4.6
demonstrates how different types of defects influences the electronic properties only in the vicinity of
the Fermi level. For the spherical type of 45-SiO,, the introduction of two hydrogen atoms removes
the dangling bonds, leading to removal of localized states near the Fermi level. Due to the increase of
the dangling bonds on the crystalline core structure, the defect states near the Fermi level increase
despite of the decrease of high-fole coordinate defects. All remove of the dangling bonds in the
crystalline core structure leads to increasing of the gap energy and decreasing of the defect states near
the Fermi level. For the elongated case, the introduction of two hydrogen atoms reconstruct the edge
sites, top and bottom of the structure, leading to decreasing of high-fold coordinates and removal of
dangling bonds. This results in increasing of the gap energy and decreasing of the defect states near
the Fermi level (see Figure 3.3.4.7).

Defect states of SiO; nanoparticles were presented using plane-wave density functional theory.
The different types of defects such as coordination defects, hydrogen atoms, and vacancy of O atom
were studied. The exciton-induced defects were also investigated. The structural defects lead to
narrowing of the band gap and formation of localized states within band tail (Urbach tail), which were
experimentally measured in light absorption of silica nanoparticles. We investigated the effects due to
size, morphology, and different types of defects of nanoparticles on the minimum energies and the
electronic and optical properties.The density of states characterizes the electronic and optical
properties, in particular, the defect states located around the Fermi level. The introduction of hydrogen
atoms removes the defect states near the Fermi level and increases the width of the gap energy. The
relaxation under the O atom vacancy also leads to removing the defect states near the Fermi level and
increasing the gap energy. We discuss how hydrogen content and different types of defects influence

the band tail and the morphology.
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Table 3.3.4.1. Properties of low energy isomers of SiO; containing 12 molecules

(@) ® (©) (@
Total energy (eV) 0.00 0.10 0.25 0.28
Gap energy (eV) 2.5 1.0 1.4 2.9
Dangling bonds of O atom 3 2 4 0
Dangling bonds of Si atom 1 0 1 0
Overcoordinated O atom 2 2 2 0
Overcoordinated Si atom 4 8 7 7
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Table 3.3.4.2. Properties geometrical structures containing 45 molecules

spherical spherical with frozen core
Total energy (eV) 0.0 0.2
Dangling bonds of O atom 2 7
Dangling bonds of Si atom 0 2
Overcoordinated O atom 3 3
Overcoordinated Si atom 17 14
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Figure 3.3.4.1 Geometrical structures of low energy isomers of SiO, containing 12 molecules;(a) is
the elongated type of structure and (b), (c), and (d) are the spherical type of structures f
ormed by different types of defects.

193



12802 + O-vacancy

128i0: + 8H

128i02 + 4H

128i02 + 2H

128i02 I

Density of States (arb. units)

4 4 2 @ 2 4 6 § 1
Energy (eV)

Figure 3.3.4.2. DOS of the spherical type of SiO, containing 12 molecules (Figure 3.3.4.1(b)) with

different hydrogen concentrations.
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Figure 3.3.4.3 Exciton-induced relaxation; (a) triplet state of exciton is localized at O atom by
stretching the Si-O double bond with the displaced O-atom;
(b) the exciton is localized at Si atom by forming dangling bond with the displaced

Si-atom.
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Figure 3.3.4.4. Fully reconstructed structures with (a) positively and (b) negatively charged
states.
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Figure 3.3.4.5. Local minimum structures of SiO, containing (a) 12; (b) 24 and (c) 45 molecules
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Figure 3.3.4.6. Electronic properties of different types of defects.
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Figure 3.3.4.7. Defect influence on the gap energy.
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Chapter 4. Conclusions

We have established new control strategies for nanoparticle generation and growth,
developed new theoretical and experimental methods for non-spherical nanoparticle growth, and
explored unknown fundamental phenomena related to particle generation, growth, and relevant

heat/mass transfer.

® Development of new control strategy for nanoparticle generation and growth

Coalescence Enhanced Synthesis using CO, laser beam irradiation was applied to SiO,/TiO,
composite nanoparticles in flame. We found that the size and morphology of SiO,/TiO, particles can
be successfully controlled by the present method. SiO,/TiO, nanoparticles with non-uniform
morphology were transformed to uniform, spherical and small-sized particles by irradiating CO, laser
at the early stage of particle formation. In addition, we showed that crystallization of SiO,/TiO,
nanoparticles can be controlled by the present method. X-ray diffraction spectroscopy, TEM, FT-IR
spectroscopy and Raman spectroscopy confirmed that crystallization occurs with CO; laser irradiation.
Several possible reasons are investigated and the coordination of TiO, domain by CO; laser irradiation
1s considered to be the reason for the crystallization. There has been no report so far on the in-situ
controllability of the structural properties of nano-sized SiO,/TiO, particles in flame and this finding
may imply that continuous acquisition of multi-component nano-particles with changing structural
property could be possible.

We observed a new, unknown pathway of acetylene conversion into carbonaceous particulate that
is totally different from a conventional mechanism of amorphous soot formation. The distinctive
feature of this pathway is a direct graphitization occurring on the surface of a growing particle within
acetylene instead of conventional "mechanical" addition of acetylene and polycyclic aromatic
hydrocarbons (PAHs) leading to generation of amorphous soot. It is the CO; laser irradiation that
switches the regimes of particle generation. Unlike the usual process of the industrial sym:hesis of
nanocarbons the shell-shaped carbon nanoparticles generated in our system with sufficiently high rate
(about 100 mg/min according to our estimate) have no need in any additional purification. This
determines a possible industrial interest to the process we described besides the pure scientific interest
related to the critical phenomenon observed in the present research.

We extended our earlier work of a novel jet assisted aerosol chemical vapor deposition (CVD)
method to multi-component deposition of Si0,/GeO,. It was found that the deposition efficiency of
present method was enhanced with increasing jet temperature and jet flow rates compared to that of
conventional method.

Isolated and non-agglomerated nanoparticles (SiO,, TiO, and ZrO,) were successfully generated
using an electrospray assisted CVD method. The present ES-CVD method is believed to be a useful

method for the synthesis of non-agglomerated and unipolarly charged nanoparticles for further
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applications.

We report for the first time the observation of zero-phonon lines (ZPLs) originating from electron
transitions of Mn”" ion in MgO matrix. These lines were observed in macroscopic photoluminescence
(PL) from nanocrystals synthesized by combustion. To our best knowledge this is the first observation
of extremely sharp emission lines from nanocrystals. We believe that the combustion of nanocrystals
can be utilized in optical nanodevices due to extraordinary discreteness of the system energy levels
with the performance better than that of QDs. It can be a breakthrough in optical nanoelectronics
taking into account the recently reported carbon nanotubes-MgO circuitry that can provide a local
access to optical elements of nanoscale.

We fabricated considerably uniformly structured stamps, and thus, achieved robust
nanoparticle patterns with the resolution of 500 nm, through a parallel deposition process.
Charge patterns were transferred on an electret film of the substrate by contacting a
metal-coated PDMS stamp, and then, charged monodisperse nanoparticles in gas phase were
deposited on the substrate. To reduce cracks produced during the metallization of the stamp,

metal coating of the stamp were carried out by a sputter method.

® Development of new theoretical and experimental method for mnon-spherical
nanoparticle growth

We developed the sectional model coupled with detailed fluid dynamics calculations for analyzing
the growth of non-spherical, polydispersed particles in the two-dimensional tubular furnace reactor.
The spatially two-dimensional approach was found to produce detailed local information on the size
distributions of polydisperse non-spherical particles in a tubular reactor. Non-uniform temperature and
flow fields were found to cause significant non-uniform distributions of aggregate particle sizes inside
the reactor. We also analyzed the generation and growth of polydisperse non-spherical particles in a
spatially two-dimensional co-flow diffusion flame. The evolution of the size distribution for
non-spherical particle undergoing generation, convection, diffusion, coagulation and coalescence was
successfully predicted by the efficient sectional model.

A bimodal model is developed to describe aerosol systems where new particle formation coexists
with coagulation and coalescence. The bimodal model appears as an attractive tool when the aerosol
dynamics is interfaced with the detailed calculations of fluid dynamics for multi-dimensional
geometry or complex flows and chemical reactions. Also it can be a good choice for the simulation of
the non-spherical particle growth where surface growth mechanism plays an important role.

We developed a new in-situ optical diagnostics for determining aggregate evolution in two
dimensional plane through one-measurement. Previous works for aggregate measurement were based
on point measurement, but we used a sheet beam and Rayleigh-Debye-Gans Scattering theory to
determine radius of gyration and fractal dimensions of aggregates. Due to this method, fast evaluation

on the aggregate characteristics should be possible made on a large area per one measurement.
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® Elucidation of unknown fundamental phemomena

We calculated the number density of non-spherical particles generated in counter-flow diffusion
flame successfully. To complete the calculation, we measured the temperature and OH radical
concentration in silica generating counter-flow diffusion flame using broadband CARS and PLIF
techniques and conducted the numerical analysis on the chemical reaction of silica synthesis.

We investigated the size and crystalline phase changes of Fe,O3 nanoparticles formed in a Hy/O,
flame. It is interesting to note that the mean particle size increased monotonously with the distance
from the burner edge; but in high-temperature flames above 1650 °C, it suddenly deéreased from 20 to
3 nm with the distance from the burner edge. We suggest the structural instability due to g- to a-phase
transformation as a mechanism for a rapid fragmentation of 20 nm particles into 3 nm ones.

Defect states of SiO; nanoparticles such as coordination defects, hydrogen atoms, and vacancy of
O atom were successfully presented for the first time using plane-wave density functional theory. It
was successfully shown that three structural defects lead to narrowing of the band gap and formation
of localized states with band tail. The introduction of hydrogen atoms was shown to remove the defect
states near the Fermi level.

In conclusion, we have successfully established the Coalescence Enhanced Synthesis
method to generate the nano-composite materials with controlled segregation of crystalline
phase. We utilize the laser irradiation method to yield the carbonaceous shell-shaped
nanoparticles and electrospryay assisted CVD method enables us to produce the highly charged
single nanoparticles. The zero-phonon lines are observed in MgO matrix for the first time and
the high resolution nanoparticle arrays were achieved through a parallel deposition process.
We also developed the theoretical models for describing the population behavior of
non-spherical, polydispersed nanoparticles and developed new in-situ optical diagnostics for
aggregate evolution.

Finally, we have elucidated the novel phenomena related to particle generation and growth

that have not been explored yet.
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Chapter 5. Major Contributions

Size, morphology, crystalline phase, composition of nanoparticles and their patterned deposition
determine the properties and quality of nanostructured materials and nanodevices. Our novel
inventions covering gas phase synthesis of single component and composite nanoparticles with
controlled properties, nanoparticle patterning, and nanocoating should be breakthroughs in the field of
nanoparticle research and applications. We believe these achievements give broad impacts on
nanotechnology field since nanoparticles are fundamental building blocks for nanostructured materials
and nanodevices. Developments of new measurement and theoretical methods for the growth of
nanoparticles have been already considered to be significant contributions in the field of aerosol

science.
S.1. Controlled synthesis of nanoparticles

We believe that our novel control strategies to control important characteristics of
nanoparticles are to be major advance of nanoparticle research field towards the practical
synthesis of nanophase materials. Our new control strategy, "Coalescence Enhanced
Synthesis", is successfully applied to the generation of nano-composite particles and the size,
morphology and crystallinity can be controlled by adjusting the parameters of laser irradiation.
One significant contribution is to present a clear solution for agglomeration problem of
nanoparticles mostly occurred at high concentration environment.

All the research results what we have presented are closely related to the controlled
production method for nanoparticles and nanocrystilline materials which will support the basic
algorithm not only for precisely controlled functional nanoparticles in scientific field but also
for the mass production of commercial nanoparticles in industrial field. For example, the
enhanced jet-assisted CVD method increases the deposition efficiency by 53% compared to the
conventional CVD method and unlike the conventional process of the industrial synthesis of
nanocarbons, the shell-shaped carbon nanoparticles in our system can be produced with sufficiently
high yield rate (about 100 mg/min according to our estimation) without any further purification
process. In addition, the extremely charged unagglomerated nanoparticles generated from the
electrospray assisted CVD method are believed to be a good candidate for high resolution nanoparticle
patterning and for introducing bio-materials into cells. We also believe that the combustion
nanocrystals can be utilized in optical nanodevices due to extraordinary discreteness of the system
energy levels with the performance better than that of QDs. It can be a breakthrough in optical
nanoelectronics taking into account the recently reported carbon nanotubes-MgQ circuitry that can

provide a local access to optical elements of nanoscale.
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5.2. Novel theoretical and experimental methods for nanoparticle

growth

We developed a new theoretical model for describing the population behavior of
non-spherical, polydispersed nanoparticles and developed new in-situ optical diagnostics for
aggregate evolution. The present model successfully predicts the bi-modal polydisperse size
distributions of non-spherical particles and morphological evolutions even in the presence of particle
generation due to chemical reactions. Computation time for the present method was approximately
1/1000 of that needed for the conventional two-dimensional sectional model. All the results allowed us
to reveal the generation and growth mechanism of nanoparitcles in tubular furnace reactor and co-flow
diffusion flame and they will provide a detailed picturé of nanoparticle synthesis and an efficient
method for industrial mass production also. Due to the in-situ optical diagnostics that we developed,
fast evaluation on the aggregate characteristics could be possible made on a large area per one

measurement.

5.3. Elucidation of new phenomena related to nanoparticle

formation

We have elucidated the novel phenomena related to particle generation and growth that
have not been explored yet. We discovered a surprising phenomenon of the fragmentation of
nanoparticles due to phase transformation. 20 nm Fe,O; and 40 nm SnO, nanoparticles were
transformed into 3-5 nm Fe;0; and 10 nm SnO, nanoparticles both in a flame and in an electron beam
irradiating microscope under vacuum. For the first time, we observed extremely sharp line spectra
from Mn or Cr doped MgO nanocrystals made from metal combustion. Furthermore, we observed the
defect states of SiO, nanoparticles for the first time and we found that the introduction of hydrogen
atoms can remove the defect states near the Fermi level. Newly observed phenomena are still under
further investigation and they will provide insights to nanoparticle research field to understand the

fundamental mechanism of nanoparticle behavior.
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