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ABSTRACT  Nano  crysta][ine  or  non-crystalline  particles have been widely  used  in yarious  industrial area,

such  as ceramics,  catalysis, e]ectronics,  meta[Iurgy  and  optic  device. In a]1 app]ications,  synthesizing  the

panic[es as  sma]1  as  possible and  controlling  the  crystal[ine  phase according  to its purpose are  necessary  for the
enhancement  of  materials properties. In some  cases,  non-agglomerated  particles may  be necessary  for solving
the packing  prob]ems. This motivates  our  attempt  of  controlling  sizel  morphology,  phase o,f nano  titania and

si]ica panic[es. If one  can  enhance  sintering rate of  smaN  aggregates  independent]y  of  co][isien  rate,  one  may

expect  that origina] aggregates  can  be changed  into vo]ume  equiva]ent  spheres  and  thereby the decrease of

collision  frequency due to the  change  leads to mueh  sma]ler  rate  of  growth of  the partic]es, Rapid heating and

cooling  ofnanopartic[es  can  occur  when  nanoparticles  are  irradiated by high power ]aser beam  and  this has been
also  uti]ized  to control  the crystal]ine  phase ofnanopartic[es.  This is the  basic idea ofour  control  strategy.

1.INTRODUCTION

      The tnorpho]ogy  and  size of  partic[es are

determined by the competition  between co]lision and

coalescence  of  partic]es [1]. The  formation of  aggregates  is
due to faster colllsion of  particles than coalescence.  The
e]ectrica[  fie]d had been app[ied  in a partic]e generating
fla]ne to successfully  contro[  the size  of  primary particles
and  agg.regates,  however, the fbrmation of  aggregates  could

not  be avoided  [2,3,4]. The present method  relies  on

controlling  the characteristic  time  for coalescence  of

nanoparticles  by irradiation ofCO!  ]as¢ r beam  on  the early

stage  aggregates  fornied during flame synthesis  that has
been considered  as the  most  effective  way  to produce high
concentration  nanopartic]es  [5].
     The coa]escence  characteristic  time  depends
strongly  on  particle temperature  fo]lowing the  exponential

decay [6] whi[e  the co]lision  characteristic  time  of

nanoparticles  decays according  to Tp'Lt2 [1]. Therefore, the
coalescence  characteristic  time  can  be contro]]ed  near]y

indepcndently of  Brownian co]lision  by heating aggregates
rapidly.  Early stage  aggregates  formed ln a  flame are

irradiated by a high power CW  CO,  ]aser beam  to rapidly

coalesce  and  become  spherical  partic]es. Since spherica]

partic]es have much  smal[er  col[ision  cross-sections  than
volume  equivalent  aggregates  [1,5], much  s]ower  growth of

nanoparticles  can  be achieved.

A  coflow  oxy-hydrogen  diffusion flame burner was  used

for hydrolysis of SiCI, and  TiC[, to produce silica and

titania partic]es, respective]y.  TEM  image analysis  with

[ocal thermophoretjc samp]ing  and  a light scattering

technique  were  uti[ized  to study  the effect  of  laser
irradiation in a flame on  the change  ofsize  and  morpho]ogy

of  the partic]es. Both the measurements  of  the scattered

intensity with  Ar-ion laser light and  observation  of  TEM

photographs reveals  that the present control  is successfu[.

X-ray Diffiaction was  also used  for determining the

crystallinityoftitania.

2.EXPERIMENTAL

     A  laminar diffillsion flame bumer  is used  for
synthesis of  the partic]es, Figure 1 shows  the experimental

setup  which  consists  of  a  burner, two  laser optical  systems

for particle heating and  ]ight scattering measurement,  and  a

local thermophoretjc  sampling  device. The burner is
composed  of  six  concentric  stainless  stee]  tubes. The carrier

gas passed through  a bubb]er containing  SiCl, [iquid is
injected through  the center  nozzle  ofthe  burner, and  shie[d

gas N? is iajected through  eight  circumferentia]  holes
adjacent  to the center  nozz[e  to prevent deposition of

formed particles on  the nozz]e  surface,  Hydrogen and

oxygen  are  iajected through  the next  two  concentric  annu[i

in that orden  Dry air  flows through the outer  tube (25.4mm
ID and  53mm  OD) which  contains  a  honeycomb  with  1OO
openings  cm'2  and  three fine meshes  in order  to stabi]ize  the

flame.
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A bubb[er contain[ng  SiCI, ]iquid is maintained  at 26eC fbr
a[] experiments.  The  carrier  gas N2  passed through  the

bubb]er is near]y  saturated  with  SiCl, vapor  in the present
study,  Therefore, maintaining  the constant  ve]ocity  of  gas
irtiected through  the center  nozzle  for different carrier  gas
flow rates  wou[d  require  the additional  gas (N,) dilutjon
before entering  the center  nozz]e.  In contrast  to the case  of

SiCl,, since the vapor  pressure of  TiC], (Aldrich, 99.9%)  is
much  [ower than that of  SiCl,, the bubbler containing  TiCl,
is maintained  at re]atively  high temperature  above  400C.

      An  industria[ 2800W  continuous  wave  (CW) CO,
laser, radiating  at a wave]ength  of  10.6pm  was  used  to

rapidly  heat up  partic]es.
The Iaser beam  was  panial]y fbcused with  a  ZnSe  lens

(focal ]ength, 150mm)  to a beam  of3,6mm  in diameter that
covered  the orthogonal  upward  stream  ofchemical  mixture

and  oxy-hydr6gen  flame-generated silica  particles at  the

height ofhL  from the burner surface,  CO!  [aser powers used

in this study  ranged  from 250 to 2500W.

     A  O.5W  Ar-ion laser was  emp]oyed  as  a light source
for light scattering  measurements.  The beam chopped  at

I200Hz  was  focused into the test region  with  a 500mm
focal length ]ens to provide a beam waist  of  O.2mm in the
test region,  The scattered ]ight at 750 angle  was  focused into
the entrance  pinhole aperture  of  a photo multiplier tube

(PMT, Hamamatsu  R928). The entrance  pinhole aperture

and  the size ofthe  ]aser beam waist  defined the measuring

yolume.

      Signals from the PMT  were  fed into a lock-in

amptifier (Stanford Research Systems Inc., SR830) for
ampLifying  only  the chopped  light signals and  canceling

other  noise  components.  The Ar-ion [aser beam  trave]s at

the height of h, lpcated 5mm  higher than the CO,  laser
irradiation height (h,). The reason  is that the [oca[
thermophoretic  sampling  fbr examining  size  and

morphology  could  not be made  at the position where  C02
laser beam was  irradiated. Ar-ion Iight scattering

measurement  and  local sampling  should  be done at the

same  position (h,).
      Sizes and  shapes  of  si]ica  particles were  measured

by TEM  image processing after  the local samp]ing  of

partic]es was  made.  To  compare  the result  of  light scattering

with  that of  the samp[ing,  particles in the same  velume  of

[ight scattering  shoutd  be captured,  correspondingly,  a loca]

sampling  is necessary.  The local sampting  device [7,8]
consists  of  a  sampling  probe holding a  TEM  grid, a  shield

covering  the TEM  grid, two air cylinders  and  three timers

to control  the insertion times  of  the probe and  the  shield

independently. The shield covers  the probe to prevent
deposition of  particLes on  the grid when  the probe was

inserted into the desired tocal point in a  flame and  pulled
out  ofthe  flame, The sampling  area  ofthe  .orid  is confined
by 1.Smm  diameter hole and  exposed  to flames for about  70
ms.

3. Result and  Discussion

      To  find out  morphoJogical  chang.es  ofpanicles  in an
oxy-hydrogen  flame, particles were  locally captured  at

various  heights along  the centerline  in the absence  of  CO!
]aset' irradiation and the corresponding  TEM  photos were

shoxvn  in Fig. 2. Figure 2 obviously  shows  the fast
evo]ution  ofsilica  partic]es from the forming stage  to fully-
sintered spheres  along  the centerline ofthe  flame.
      Tb confirm  the above-rnentioned  effects  of  ]aser
irradiation, CO,  Iaser beam with  various  powers were

irradiated at hL equal  to 6mm  and  12mrn above  the burner
surface  and  particles were  captured  simultaneously  at hp
equal  to 1Imm  and  I7mm,  respectively.  Figures 3 and  4
show  the corresponding  TEM  photos, respectively,  for
carrier  gas flow rate  of 50 cc/min,  Flow  rates  of  H], 02,
dilution gas N,, shie]d  gas N,  and  dry air are  2.5 Vmin, 5.0
Vmin, 150 cclmin,  400 cc/m{n  and  70 11min, respectively.

      As  shown  in Fig. 3 that corresponds  to the low
irradiation height, the particte-generation efTect  is obvious
as  C02  laser power increases; fbr examp]e,  from clear

ditference between cases  of  P =  O and  760W. In addition,

primary particle size was  found to increase and  the fraction
of  near]y-unagglomerated  panic[es tends to increase with

increasing CO,  laser power (see Fig, 3(c)). The latter part
would  be attributed to enhanced  particle generation and  co-

existing sintering  etTect.  The intensity ofAr  ion ]aser [ight
scattering has been shown  to increase as  COi  ]aser powers
increase (not shown  here).

      Figure 4 shows  the evo]ution  of  morphology  of

panicles irradiated at hL ==
 12mm  by C02  laser beam  and

captured  at h, == 17mm.  From  Figs. 2(a) and  2(b), it is easi]y
known  that small  aggregates  would  exist  in the region from

z=  12mm  to z=  14mm  without  CO,  ]aser irradiation.
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Fig 2 TEM  images  efSLO,  particLes at  dLfferent hetghts
witheut  COi  laser Lrradiation

It is also  noted  that the radius  of  C02  laser beam  is 1 8mm,
therefbre, the laser beam  irradiates  sma]1  aggregates  When
the laser ]rradiates  at th]s intermed]ate  height, the omgtna][y
existing agg.iegates  ]n  a  flame can  be heated up  to high

tempexatures  that ]nay  be ]ess than the evaporatLon

tempetature,  but htgh enough  to enhance  sintering
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Ftg 3 TEM  images  ofS]O,  partic]es captured  at  11mm

    wtth  mcreasing  C02  ]aser powers, hL=6mm

Thus, aggregates  coulcl be converted  into  more  sphere  ]ike

particles ConsequentLy, the size  of  particLes captured  5mm

higher can  be reduced  maintammg  sphertca[  shape  due to
much  }ower colhsional  cross  section  of  spheres  than that ef

the volume  equivalent  aggregates  as  descr]bed ]n

Introduction As  the ]aser power increases, the average

diameter of  sphenca]  particles evtdently  decreases to about

60%  of  the stze  ot  the case  without  CO, [aser irradLation

(about 20%  tn yolume)  as can be seen  tn Fig 4 Thus, the

control  strategy  adopted  in  the present study,  wh]ch  is the

control  of  the sintemng  charactenstic  time  seems  to be

promismg  for the flame synthesis  ef more  spherica]  and

smaller particles Beyond  the laser power  ot  1170W,

aggregates  composed  of a  few nanometer  sLzed  primary

particles also  appeared  together  with  about  40nm  sphertcal

particles The hLgher the ]aser power the more  aggregates

appeared
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 TEM  images  efSiO,  partLcles captured  at 17mm
w]th  mcreasing  CO!  Laser powers, hL==12mm

For extremely  high power such  as  2500W  all observed

paruc[es were  composed  of  only  aggregates  (not shown),

whtch  cou[d  be explained  as  a result  of  evaporation  and

recondensation  Both mean  d]ameter (d,.s) and  standard

deviation (STD) of  partic[es from TEM  image  analys]s

decrease monotonically  with  ]ncreasing  COi  laser power

 All statistica]  data were  obtamed  by averaging  2000 
-

 3000

 paLt]cles each  case  and  the sensitivEty ofsample  numbers  of

 particles fora proper averaging  was  aLso  checked  AIso the

 dispersion a  defined by STDId,., decreases up  to

 approximate]y  O2 This  indicates  the sue  distnbution to
become more  un]form  one  Ca] et al  [9] noted  that  near]y

mono  disperse distmbutLon could  be assumed  when  Fuch's

cmter[on  a  was  sma]ler  than O 2

      We  also  app]ied  the present method  to contro[ the

growth of  crystallme  nanopartscles  of  titanLa us]ng  TiCI4

precursor F]gure 5 shows  the changes  of  size  and

morpho]ogy  of  titania parttcles captuied  at I6mm  without

or  w]th  CO,  laser beam  ]rradiated  at  13mm  As CO,  ]aser

powers increase,  coalescence  is clearly  shown  to be
enhanced  and  omginal  aggregates  final]y become  fuHy
smtered  spherical  particles (Fig 5(c)) The magnified  TEM
image  mdicates  that seemingly  agglomerate  particles in Fig
5(c) turn out  to be Just a  multtple  deposttion of  fsolated

sphere  particles on  TEM  grtd As  laser power mcreases

prqected area  equ]valent  diameters sign]ficant]y  decrease

(prqected area equivalent  diameters 166nm  foi P=OW  and

29nm for P=1665W)  Furthermore, it is estLmated  that
average  vo]ume  ofpartLc]es  also  decreases substantia][y  by
about  30 times

      The contiotlab[]ity  ofcrystalltne  phase has a]so  been
investigated  Figure 6 shows  X  ray  difftaction profiles of

titan]a partic]es co]lected  at 65mm  foi different ]aser

powers when  the ]aser beam ]s srradiated  at 25mm  In Fig
6, A  and  R  denote anatase  and  rut]le  respective[y  It is

interestmg  that ruti]e contents  decrease monoton]ca]ly  with

the ]ncrease  of  laser power  For suencient]y  hhgh laser

powers rut]le  peaks completely  d]sappear This Ls a

surpns]ng  result  since  rutile  phase is wel]  known  to be more
stable  than  anatase  phase when  particle size  exceeds  i4nm

[10] Therefore, previous researchers  [11,12] reported  the

transformation  of anatase  phase to rutile  as  parttcle
temperature  ]ncreased  and  we  cou[d  not  find any  studies  on

the transformation  from ruttle  to anatase  phase ln the

absence  of  C02 [aser irradiation  rutite wetght  petcent
mcreases  monotonical]y  with  flame height, O%  at 13 mm

2 6%  at  15mm,  6 9%  at 20mm,  1O3%  at 25 mm  ]3 3 %  at

40 mm  and  ]66%  at  65 mm  This is conststent  with

previous studies But, the present study  revea]s  that the

irradiation  ofC02  laser beam  can  alter  the phase from rutt]e
to anatase  For example  17%  ruti]e  weight  percent of

particles at  65 mm  without  CO.  Iaser irradiation  ts now

changed  to O %, ] e , pure anatase  part]c]es when  CO,  [aser
beam  is trradiated  at  25nim  with  P--326W  Thrs could  be
exp[ained  by the  possib]e occurrence  of  melting  of  titan]a

partic]es due to the irrad]at]on  oflaser  beam  and  subsequent

ie crystalhzation  after  passLng the  [aser irradiaoon  zone

(beam diameter 3 3 nim)  Exttemely fast cooltng  oftnelted

part]cles can  be eas]ly expected  because of  very  small  sLze

of  partic]es Stnce sucacient  time is needed  for atomic

rearrangement  teading to more  compact  and  stable  ruti]e

phase, the mitial  soltd  phase from melted  titan]a after  a fast
coo]ing  m]ght  prefer anatase  phase The  metastabJe  anatase

could  be re crystal[ized  preferably from solution  since  the

cnttcal  nucleus  radtus  ofanatase  would  be smal]er  than  that

of]uu  le [13]
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F]g 5 TEM  ]mages  ofTiOi  part]cles captured  at  16mm

 with  Lncreas:ng  COi  ]aser powers  under  Cond]tion B,

                 h,=13mm

4. Conclusions

ln summary,  the contro]  of  the size,  morpho]ogy  and

crysta]]Lne  phase of  nanopart]c]es  has been done

successfu]ly  by ]rradtaUng  laser beam on  the ear]y  formed
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F)g 6 Vtinattons ofX  ray  diffraction profi]es with
Lncreasing  COi  laser powers, hL=25mm,  hp=:65mm

aggregates  in flames This method  seems  to be applicab]e
to the synthes]s  of  other  s]ngle  or  multicomponent

nanoparticles  with  control]ed  structure  and  may  be
extended  to other  processes as  well  as  flame synthesis
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