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The size and crystalline phase changes gf0zenanoparticles formed in a0, flame have been
investigated. At flame temperatures below 1350 °C, the mean particle size increased monotonously
with the distance from the burner edge; but in high-temperature flames above 1650 °C, it suddenly
decreased from 20 to 3 nm with the distance from the burner edge. The results of X-ray diffraction
and high-resolution transmission electron microscopy showed that this sudden reduction of the size
of nanoparticles was accompanied by a partial phase transformation from the metask(@;

into @-Fe,03;. We suggest the structural instability due e to a-phase transformation as a
mechanism for a rapid fragmentation of 20 nm particles into 3 nm ones20@3 American
Institute of Physics.[DOI: 10.1063/1.1632534

The formation and characterization of magnetic nanoparwith the [H,]/[ O,] ratio of 0.8 (the maximum flame tem-
ticles is a subject of intense research due to their potentiglerature was around 1650Y@n unusual phenomenon was
applications as ferrofluids, magnetoresistors, gas sensors, etthserved. Upon reaching the value of 20 nm at the flame
Superparamagnetism is of great intefebas well, being a  height ofz~35 mm, the mean particle size dramatically de-
unique aspect of magnetism in nanopartiéteReducing the creased to less than 5 nmzt 45 mm. Further increase af
size of magnetic particles and controlling their crystallinedid not significantly change the mean particle size. Transmis-
phase have greatly influenced the need for new methods sfon electron microscop€lEM) images of iron(lll) oxide
nanoparticle synthesfsMaghemite -Fe,O;) nanoparticles  particles captured at differemtwith the [H,]/[O,] ratio of
have been widely studie® Among preparation methods for 0.8 are shown in Fig. 1. Far>45 mm, only ultrafine par-
v-Fe,05 nanoparticles, a gas-phase route using a flame hdgles with size less than 5 nm can be obseri€id. 1(d)].
certain advantages, one of which is that it can produce very High-resolution TEM(HRTEM) images of iron(Ill) ox-
pure y-Fe,0; nanoparticles continuousty. ide particles captured at differemtare shown in Figs. (&)

Here, we report an anomalous evolution of the size an@nd 2b). Lattice fringes corresponding to tfi220) planes of
the crystalline phase of maghemite nanoparticles, formed bthe y-Fe,05 cubic system are seen for the particles collected
a gas-phase route within an oxy-hydrogen flame. Oxideétt 20 mm[Fig. 2@]. For the 3 nm ultrafine particlgsee
nanoparticles generated in a flame are known to grow corFig. 2(b)], the lattice spacings of 2.70 A as well as 2.95 A
tinuously in size">-*2However, we found that initially grow- were observed, which agreed with those(b®4) planes of
ing iron (Il1) oxide nanoparticles on reaching the size of 20a-F&,0; and (220 planes of y-Fe,03, respectively. No
nm were abruptly transformed inte3 nm size particles with  other phase was found.
the increasing of the distance from the burner ezjgand the Sharp and intense x-ray diffractidXRD) peaks shown
size reduction was accompanied by a phase transformation.

Iron (lll) acetylacetonate precursor powder was main-
tained at 170 °C, providing the sublimation and the resulting
vapor was fed with M through the center of a coaxial burner
inside an oxy-hydrogen flame. Hydrogen and oxygen were
injected through the next two concentric annuli. The flame
temperature was controlled by the,]/[ O,] ratio. lron(lll)
oxide particles were collected using a localized thermo-
phoretic sampling devi¢&!*and with a water-cooled quartz
tube.

The mean particle size increased slightly up to approxi-
mately 19 nm with th¢ H,1/[ O,] ratio above 0.8. Beginning

FIG. 1. TEM images of Fg; nanoparticles captured &) 35, (b) 40, (c)
dAlso at: School of Environmental Engineering, Griffith University, Bris- 43, and(d) 45 mm. The H,]/[ O] ratio was 0.8. The selected area diffrac-

bane 4111, Australia. tion pattern for a 20 nm particléndicated by the black arromshows that

Y0On leave from: Physics Institute, Odessa National University, Odessathis particle is a single crystal maghemite. Particles captured at 40 mm show
Ukraine. a distinct bimodal size distributiofthe mean particle sizes of 20 nm and

9Author to whom correspondence should be addressed; electronic maiB—4 nn). As z increases, the number of large particles decreases while the
mchoi@plaza.snu.ac.kr number of small particles increases.
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FIG. 3. Magnetic properties of F®; nanoparticles(a) Susceptibility mea-
sured at 30 G for particles collected at differernd(b) Mossbauer spectra

of ultrafine particles at RT and at 16 K. The solid lines are the least-square
fits to the experimental data.

The magnetic susceptibility of nanoparticles, measured
with a superconducting quantum interference device
(SQUID) magnetometer, is shown in Figa. Markedly dif-
ferent susceptibilities are obtained for particles captured
from the same flame, but at different heights. Note a typical
superparamagnetic behavior above the blocking temperature
FIG. 2. Structural characterization of & nanoparticles(a) HRTEM im-  of 45 K for ultrafine nanoparticles collected at 60 mm, which

age of FeO; nanoparticles collected at 20 mith) the same at 60 mm, and  jgjjcates a transition from ferrimagnetism to superparamag-
(c) XRD patterns of FgO; nanoparticles for different([H,]/[O,]=0.8). 9 perp 9

The inset shows a fitting for the combined peak profile of the 25° t¢240° netism. Figure () shows the Mesbauer spectra for ul-
range to four Pearson VII functions for ultrafine particles. trafine particles. The disappearance of the 16 K sértigi-
nating from the internal magnetic fiéfl and the appearance
in Fig. 2(c) prove that 20 nm particles at 20 and 30 mm wereof the doublet at room temperature, confirms the superpara-
v-Fe,05 particles. However, XRD peaks of the ultrafine par- magnetic behavior concluded from the SQUID. There is also
ticles at 60 mm were broad and weak. To resolve broad peaseen the singlet, which was not observed+eFe, O; nano-
in the XRD pattern a fitting by Pearson VII functidisvas  particles of 3 nm coated with silicd.Since the singlet line
performed. Four components were determined to ensure thteuld also appear when ferric ion is in an ideal cubic
required accuracy of the deconvolutifsee the inset in Fig. environment® the appearance of the singlet along with the
2(c)]. Pearson VIl peaks B (2=33.10°) and C (2 doublet in our case can be interpreted as an additional ferric
=35.55°) were assigned to(404) and a(110) reflection of  ion singlet, giving the reasonable parameters of the doublet
a-Fe,04, respectively. The Fex-ray photoelectron spec- with the splitting of 1.1 mm/$to be compared with the pre-
troscopy (XPS) spectrum of the ultrafine particles revealed viously reported values of 0.9 mm/sand 1.19 mm/) and
the ion valence state of F@ll). Since the XPS spectrum the isomer shift of about 0.25 mm/s for both the doublet and
showed no Fg0,, Pearson VIl peaks A (2=30.20°) and D  the singlet.
(26=35.60°) should be attributed to (@20 and (311 re- It is well known that the maghemite phase is metastable
flection of y-Fe,03, respectively. The width of each of four in the bulk though its stability can considerably improve in
peaks corresponds to the mean particle sizes of 2.3—2.7 nmanoscalé? At a sufficiently high temperaturg, the energy
XRD results correspond to the conclusion made from thebarrier A~270 kJ/mol?° separatingy- and a-phases can be
TEM image analysis that the sudden decrease of the particlevercome within the short residence time of a nanopatrticle in
size was accompanied by a partial phase transformation froftame (about 1 mg as far as the rate of the transformation is

- into a-Fe,0;. thermally activated®?! The heat release due to the enthalpy
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2000 be very small at high temperatures. One can see that for the
flame temperature exceeding 1750 K, there are no appropri-
g 1900 - ate particle temperatures for the system to be stable at a
© . given particle radius of 10 nm while they still exist for the
E o, smaller particle radius of 2 nm. Thus, on approaching the
g 18007 o critical temperature, the particle should experience a sudden
g- / 444 transition into some other stable state, which can be followed
8 1700+ Al by the abrupt reduction of the characteristic particle size
< ¢ through the particle fragmentation. Since the fast high-
b= 1600 - temperature transformation towards thephase produces
= mechanical strains, the natural way for the particle to keep
the heat balance is to be fragmented into considerably
1800 ™ Te00 1700 1800 1900 2000 smaller particles.. Such an explosion-lika maybe peeling-
Gas temperature (K) like) transformation cannot be complete, and we observe the

mixture of bothy- and @-phases in ultrafine nanoparticles of

FIG. 4. The diagram of the particle temperature stability according to Eq.3 nm. This fragmentation phenomenon can be used to obtain
(1). The vertical arrow indicates the _Iocatlon of Iosmg stability and the onsetsubstamia”y different sizes and phases of nanoparticles hav-
of the fragmentation for 20 nm particles. The dot line corresponds to 4 n

particles. The dashed line is the gas temperature shown for comparison. N different prpperties from the same ﬂame- We believe that'
the fragmentation phenomenon revealed is general and appli-

difference?? H, =15 kJ/mol, betweeny- and a-phases dur- cable for other complex oxides.

ing the fast transformation heats up the maghemite nanopar- The authors gratefully appreciate C. S. Kim at Kookmin
ticle, which leads to the further acceleration of the increaseJniversity for giving them a possibility to measure the
in its temperature'l'p. This feedback results in instability of Mossbauer spectra. SQUID measurements were done at Ko-
the initial phase, leading to the explosive fragmentation ofea Basic Science Institute. This work was funded by the
the maghemite nanoparticle into much smaller componentg;reative Research Initiatives Program supported by the Min-
part of which has been converted into thehase. istry of Science and Technology, Korea.
To locate this structural instability we use the heat bal-

ance equation that determines the particle temperature:
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