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Controlled synthesis of nanoparticles has been carried out using laser beam irradiation on aggregates
forming in a flame. This coalescence enhanced method transforms titania aggregates into much
smaller unagglomerate spherical anatase nanoparticles by reducing the characteristic time of
coalescence of nanoparticles. These transformed nanoparticles exhibit not only better thermal
stability, but also unusually small grain growth during a simple pressureless sintering, which
ultimately lead to a full dense bulk ceramic with 60 nm grains. Such small grain size in full dense
ceramics has not been achieved before without employing special sintering techniques. This would
be attributed not only to the successful control of size and morphology of nanopatrticles, but also to
the synthesis of oxygen vacancy free particles, which was confirmed from Raman spectroscopy.
© 2001 American Institute of Physic§DOI: 10.1063/1.1409589

Nanocrystalline materials have attracted much interest imility than the original ones without laser irradiation, but also
recent years due to their unusual properties and excelleninusually small grain growth during a simple pressureless
sinterability compared to conventional coarse-grainedsintering, which ultimately lead to a full dense bulk rutile
materials-> However, the prospects for practical production (density>98% of theoretical valuewith 60 nm grains. Such
of nanocrystalline materials have been seriously hamperesimall grain size in full dense ceramics has not been achieved
by difficulties in controlling the rapid grain growth of nano- so far without employing special sintering techniques such as
particles during a sintering process which is ultimatelyhigh pressure consolidation. The possible mechanisms which
needed to produce bulk nanocrystalline matetialss well  indicate how such a small grain size in a full dense ceramic
as synthesizing nanoparticles with controlled size, morpholhas been realized in a simple pressureless sintering will also
ogy, and phase at high concentratidfisThe rapid grain  be discussed.
growth on the final stage sintering has been considered as The morphology and size of particles are determined by
almost inevitable, therefore, many researchers resort to higihe competition between the collision and coalescence of
pressure consolidation at elevated temperathféswhich  particles'®3The formation of aggregates is due to the faster
has limitations in practical applications. Since nonagglomercollision of particles than coalescence. Recently, we investi-
ated and smallest possible nanocrystals are usually neededgated that C@laser irradiation during the flame synthesis of
satisfy a necessary condition suppressing rapid graiamorphous silica particles could affect the growth of silica
growth? the controlled synthesis of nanoparticles should beyifferently depending on the irradiation locatish.The
very important. Internal defects such as oxygen vacancy argresent method relies on controlling the characteristic time
known to accelerate the rate of grain groMitherefore,  for coalescence of nanoparticles by irradiation of laser beam
synthesizing defect-free pure nanocrystals should be also ingn the early stage aggregates forming in a flame. The coa-
portant. Gas phase methods generally produce purer nangscence characteristic time decreases exponentially with
particles than liquid based processes since even the purggirticle temperature o( expE/RT,), T,: particle tempera-
water contains traces of minerdlsMeanwhile, the most ture, R: gas constant, ancE: activation energy for
prominent problem of gas phase methods is poor controllagpalescendé® while the collision characteristic tini&® de-
bility in growth of nanoparticles especially when particles cays according ta, 2. Therefore, the coalescence can be
are generated at high concentrations which are needed f@pntrolled nearly independent of Brownian collision by heat-
practical application&? If a vacuum based gas condensationing aggregates rapidly. As shown in Fig. 1, early stage ag-
method is utilized, the control of size and morphology W°U|dgregates forming in a flame are irradiated by a high power
be relatively easy, however, concentrations of nanoparticleg,y, CO, laser beam X =10.6m) to rapidly coalesce and
become too low. become spherical particles. Since spherical particles have

_Here, we report that the coalescence enhanced methqg,;.h smaller collision cross sections than volume equivalent
using laser beam irradiation on small aggregates forming in dggregatd@® much slower growth can be achieved. There-
flame transforms titania aggregates into much smaller UNaG%4re. much smaller, at the same time, spherical nanoparticles
glomerate spherical anatase nanoparticles by reducing th:%n be produced. Transmission electron microsodiEM)

characteristic time of coalescence of nanoparticles. Thesi?hage analysis with localized thermophoretic samgffrigas
transformed nanoparticles exhibit not only better thermal stag.an utilized for the estimation of the changes of size and

morphology of titania nanoparticles generated in an oxy-
dAuthor to whom all correspondence should be addressed; electronic maihydrogen diffusion flaméf? Particles in a flame have been
mchoi@plaza.snu.ac kr captured using a water-cooled cylinder at different flame
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FIG. 1. Schematic for coalescence enhanced principle to synthesize unag-
glomerate and smaller nanoparticles utilizing laser irradiation in a flame;
mass flow controller is shown.

heights (hy in Fig. 1) and then rutile contents have been
measured via x-ray dlffraCtI_OI(lXRI_D) study. Raman spec- FIG. 2. TEM photographs showing the change of size and morphology of
troscopy has been used to investigate the degree of oxygaio, particles with or without C@laser irradiation are shown. These reveal
vacancy defect. A simple pressureless sintering has also be#nt the original aggregates are transformed into much smaller spheres;

; : : =13 mm, h,=16 mm, flowrates of gasegarrier gas B 300 cc/min, no
a p
done to investigate the grain growth of our laser COﬂtI’O”edgxcess gas N TiCl, vapor 26.3 cc/min, shield gas,N700 cc/min, H: 2.5

nanoc.rystalline parti_cles using XRD and field emission-jmin, o,: 5.0 Ipm. Bar represents 100 nm. a: 0 W, b: 1031 W, ¢: 1440 W,
scanning electron microscogiFE-SEM. d: 1665 W.

Figure 2 shows the changes of size and morphology of
titania particles captured at 16 mm without or with QJ&ser
beam irradiated at 13 mm in a flame. As £laser powers
increase, coalescence is clearly shown to be enhajrseed
Figs. 2b) and Zc)] and original aggregates finally become
fully sintered unagglomerate spherical particl€sg. 2(d)].
The magnified TEM image indicates that the seemingly ag
glomerate particles in Fig.(8) are just multiple depositions
of isolated sphere particles on TEM grid. As laser powe
increases, the projected area equivalent diameters signi
cantly decreasdprojected area equivalent diameters: 144
+3 nm forP=0W and 28-1 nm for P=1665W). Further-

It is interesting to investigate how the crystalline phase
of particles is varied along the flame in order to know their
thermal stability. As shown in Table I, rutile weight percent
of particles captured in a flame without laser irradiation in-
creases gradually up to 17% at 60 mm. However, the par-
ticles irradiated by a COlaser beam maintain anatase phase
at all flame heights. The reason why laser controlled particles
Hﬁave better thermal stability would be attributed to the de-
frease of nucleation sites. Laser irradiation enhances the coa-
lescence of particles and, therefore, reduces the neck area of
the original aggregates, which decreases the surface free en-

more, it is estimated from TEM image analy&i& that the ergy (this has been known as a driving force to transform

: . : natase to rutile’>?! Therefore, more stabilized anatase par-
volume equivalent diameters of particles also decrease Suﬁbles could be produced. The dearee of oxvaen vacancies in
stantially; 823 nm for aggregates in Fig.(@ and 28 P ) 9 Y9

N . . anatase particles can be also one factor to affect the anatase
+1 nm for spheres in Fig.(d). It is noted that the sizes of P

; : - . . to rutile transformatior?? Therefore, we estimated the degree
primary particles consisting of aggregates obviously increase

when the coalescence is enhanced., G8er beam irradia-

tion near 13 mm rapidly enhances the coalescence of ear[\ABLE I. Variations of crystalline phase of titania particles at different
stage aggregates formed near 13 mm and transforms thefllﬁme heights for the cases without or with laser irradiation at 15 mm are
. . . . . _shown.

into spherical particles that have much smaller collision

cross sections than the origin@lolume equivalentaggre- hg (Mmm) 15 20 40 60
gate_s. Th.erefore, the grc_>wth due to the Brownian collls_lon o e ow 5 o s 7
pgrtlcles is retarded to finally produce much smaller sizes at . enfos) 1000 W 0 0 0
16 mm.
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TABLE Il. Comparison of sintering results between the present and other
nanoparticles. A: our laser-controlled 20 nm patrticles, B: original aggregates
without laser irradiation, C: commercial powder from Degusfiame
method,~30 nm), D: commercial powder from Nanophase Te@as phase
condensation, 34 nnis shown.

A B C D
Relative density(%) 98 95 91 88
Grain size(nm) 60 119 63 122

phology that would yield small pore size and also more ho-
mogeneous pore distribution when compacted than the origi-
nal aggregate$®1%2°Defects such as oxygen vacancies can
FIG. 3. Nanostructure of fully dense titania is shown: green compact pelleact as one of diffusion paths that can cause additional grain
was pressurelessly heated up to 800 °C at the rate of 10 °C/min in air a”growth.lo Our coalescence enhanced method using laser irra-

held at 800 °C for 30 min, which yielded a full dense bulk titania with 5. .. .
density>98% of theoretical density. There are no apparent pores. From FEgilatlon in a flame produced almost oxygen vacancy free par

SEM micrographs, average grain size is estimated as about 75 nm whiliCleS as already mentioned and possibly might have cured
XRD data and the Scherrer equation gives 60 nm grains. Such small graiother defects through laser annealing, which could also be a
size i_n fu_II dense cerarpics has not been achieved before without employingagson for the suppression of rapid grain growth. The present
special sintering techniques. L S .
principle does not have limitations on the selection of mate-
rials and processes, therefore, could be applied to the con-
of oxygen vacancy by measuring the position and width of trolled formation of various different nanoparticles and pos-
144 cm* E4 peak of Raman spectra. Raman spectra for ousibly their full dense nanocrystalline bulk materials. The
sample show the peak position is very close to the theoreticalresent coalescence enhancement concept could also be ex-
value of 144 cm* with a narrow width[for example, the tended to different gas phase methods such as gas condensa-
peak position and the peak width full width at half maximum tion method.
were equal to 145.9cnt and 14.9cm?, respectively.
These data indicate that our nanoparticles have nearly perfect This work was funded by the Creative Research Initia-
oxygen stoichiometry, i.e., Ti) from the correlation curve tives Program supported by the Ministry of Science and
suggested by Parker and Siggelhile their as-compacted Technology, Korea. The author was supported by the Brain
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