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Fragmentation of Fe 2O3 nanoparticles driven by a phase transition
in a flame and their magnetic properties
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The size and crystalline phase changes of Fe2O3 nanoparticles formed in a H2 /O2 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 metastableg-Fe2O3

into a-Fe2O3. We suggest the structural instability due tog- to a-phase transformation as a
mechanism for a rapid fragmentation of 20 nm particles into 3 nm ones. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1632534#
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The formation and characterization of magnetic nanop
ticles is a subject of intense research due to their poten
applications as ferrofluids, magnetoresistors, gas sensors
Superparamagnetism is of great interest1–3 as well, being a
unique aspect of magnetism in nanoparticles.4,5 Reducing the
size of magnetic particles and controlling their crystalli
phase have greatly influenced the need for new method
nanoparticle synthesis.6 Maghemite (g-Fe2O3) nanoparticles
have been widely studied.7,8 Among preparation methods fo
g-Fe2O3 nanoparticles, a gas-phase route using a flame
certain advantages, one of which is that it can produce v
pureg-Fe2O3 nanoparticles continuously.9

Here, we report an anomalous evolution of the size a
the crystalline phase of maghemite nanoparticles, formed
a gas-phase route within an oxy-hydrogen flame. Ox
nanoparticles generated in a flame are known to grow c
tinuously in size.10–12However, we found that initially grow-
ing iron ~III ! oxide nanoparticles on reaching the size of
nm were abruptly transformed into;3 nm size particles with
the increasing of the distance from the burner edgez, and the
size reduction was accompanied by a phase transformat

Iron ~III ! acetylacetonate precursor powder was ma
tained at 170 °C, providing the sublimation and the result
vapor was fed with N2 through the center of a coaxial burn
inside an oxy-hydrogen flame. Hydrogen and oxygen w
injected through the next two concentric annuli. The fla
temperature was controlled by the@H2#/@O2# ratio. Iron~III !
oxide particles were collected using a localized therm
phoretic sampling device13,14 and with a water-cooled quart
tube.

The mean particle size increased slightly up to appro
mately 19 nm with the@H2#/@O2# ratio above 0.8. Beginning
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with the @H2#/@O2# ratio of 0.8 ~the maximum flame tem-
perature was around 1650 °C! an unusual phenomenon wa
observed. Upon reaching the value of 20 nm at the fla
height ofz'35 mm, the mean particle size dramatically d
creased to less than 5 nm atz'45 mm. Further increase ofz
did not significantly change the mean particle size. Transm
sion electron microscope~TEM! images of iron~III ! oxide
particles captured at differentz with the @H2#/@O2# ratio of
0.8 are shown in Fig. 1. Forz.45 mm, only ultrafine par-
ticles with size less than 5 nm can be observed@Fig. 1~d!#.

High-resolution TEM~HRTEM! images of iron~III ! ox-
ide particles captured at differentz are shown in Figs. 2~a!
and 2~b!. Lattice fringes corresponding to the~220! planes of
theg-Fe2O3 cubic system are seen for the particles collec
at 20 mm@Fig. 2~a!#. For the 3 nm ultrafine particles@see
Fig. 2~b!#, the lattice spacings of 2.70 Å as well as 2.95
were observed, which agreed with those of~104! planes of
a-Fe2O3 and ~220! planes ofg-Fe2O3, respectively. No
other phase was found.

Sharp and intense x-ray diffraction~XRD! peaks shown

a,

il:

FIG. 1. TEM images of Fe2O3 nanoparticles captured at~a! 35, ~b! 40, ~c!
43, and~d! 45 mm. The@H2#/@O2# ratio was 0.8. The selected area diffra
tion 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 s
a distinct bimodal size distribution~the mean particle sizes of 20 nm an
3–4 nm!. As z increases, the number of large particles decreases while
number of small particles increases.
2 © 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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in Fig. 2~c! prove that 20 nm particles at 20 and 30 mm we
g-Fe2O3 particles. However, XRD peaks of the ultrafine pa
ticles at 60 mm were broad and weak. To resolve broad p
in the XRD pattern a fitting by Pearson VII functions15 was
performed. Four components were determined to ensure
required accuracy of the deconvolution@see the inset in Fig
2~c!#. Pearson VII peaks B (2u533.10°) and C (2u
535.55°) were assigned to a~104! and a~110! reflection of
a-Fe2O3, respectively. The Fe 2p x-ray photoelectron spec
troscopy~XPS! spectrum of the ultrafine particles reveal
the ion valence state of Fe~III !. Since the XPS spectrum
showed no Fe3O4, Pearson VII peaks A (2u530.20°) and D
(2u535.60°) should be attributed to a~220! and ~311! re-
flection ofg-Fe2O3, respectively. The width of each of fou
peaks corresponds to the mean particle sizes of 2.3–2.7
XRD results correspond to the conclusion made from
TEM image analysis that the sudden decrease of the par
size was accompanied by a partial phase transformation f
g- into a-Fe2O3.

FIG. 2. Structural characterization of Fe2O3 nanoparticles.~a! HRTEM im-
age of Fe2O3 nanoparticles collected at 20 mm,~b! the same at 60 mm, and
~c! XRD patterns of Fe2O3 nanoparticles for differentz(@H2#/@O2#50.8).
The inset shows a fitting for the combined peak profile of the 25° to 40°~2u!
range to four Pearson VII functions for ultrafine particles.
Downloaded 08 Jan 2006 to 132.204.2.150. Redistribution subject to AIP
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The magnetic susceptibility of nanoparticles, measu
with a superconducting quantum interference dev
~SQUID! magnetometer, is shown in Fig. 3~a!. Markedly dif-
ferent susceptibilities are obtained for particles captu
from the same flame, but at different heights. Note a typi
superparamagnetic behavior above the blocking tempera
of 45 K for ultrafine nanoparticles collected at 60 mm, whi
indicates a transition from ferrimagnetism to superparam
netism. Figure 3~b! shows the Mo¨ssbauer spectra for ul
trafine particles. The disappearance of the 16 K sextet~origi-
nating from the internal magnetic field16! and the appearanc
of the doublet at room temperature, confirms the superp
magnetic behavior concluded from the SQUID. There is a
seen the singlet, which was not observed forg-Fe2 O3 nano-
particles of 3 nm coated with silica.17 Since the singlet line
could also appear when ferric ion is in an ideal cub
environment,16 the appearance of the singlet along with t
doublet in our case can be interpreted as an additional fe
ion singlet, giving the reasonable parameters of the dou
with the splitting of 1.1 mm/s~to be compared with the pre
viously reported values of 0.9 mm/s17 and 1.19 mm/s18! and
the isomer shift of about 0.25 mm/s for both the doublet a
the singlet.

It is well known that the maghemite phase is metasta
in the bulk though its stability can considerably improve
nanoscale.19 At a sufficiently high temperatureTg the energy
barrierD'270 kJ/mol,20 separatingg- anda-phases can be
overcome within the short residence time of a nanoparticle
flame~about 1 ms! as far as the rate of the transformation
thermally activated.20,21The heat release due to the enthal

FIG. 3. Magnetic properties of Fe2O3 nanoparticles.~a! Susceptibility mea-
sured at 30 G for particles collected at differentz and~b! Mössbauer spectra
of ultrafine particles at RT and at 16 K. The solid lines are the least-sq
fits to the experimental data.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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difference.22 H tr515 kJ/mol, betweeng- and a-phases dur-
ing the fast transformation heats up the maghemite nano
ticle, which leads to the further acceleration of the incre
in its temperatureTp . This feedback results in instability o
the initial phase, leading to the explosive fragmentation
the maghemite nanoparticle into much smaller compone
part of which has been converted into thea-phase.

To locate this structural instability we use the heat b
ance equation that determines the particle temperature:

Qheat2Qcool50, ~1!

where the heat gain from the phase transformation in a
ticle of the radius r 510 nm, and the mass densityr
;5 g/cm3 can be written as

Qheat5H tr

4pr 3

3
rNA

m

1

t
, t5t0 exp~D/Tp!, ~2!

The heat loss due to the cooling by the surrounding ga
the temperatureTg is23

Qcool5
1

2

g11

g21

aPgkB~Tp2Tg!

A2p~mg /NA!kBTg

4pr 2. ~3!

In Eqs.~2! and~3!, the molar weight ism5160 g/mol for the
iron oxide andmg529 g/mol for air, NA is the Avogadro
number,g51.4 is the Poisson ratio for air,kB is the Boltz-
mann constant,Pg is the atmosphere pressure,a is the en-
ergy accommodation coefficient,23 t is the characteristic time
of the phase transition, andt0 is the characteristic attemp
time ~about 10212 s in our case!. For simplicity, we ne-
glected any other contributions affecting heat balance, wh
do not alter the results significantly.

Figure 4 provides a principal scenario~calculated with
a50.01) for the critical behavior of the particle temperatu
according to Eq.~1!. Note that there is evidence24 thata can

FIG. 4. The diagram of the particle temperature stability according to
~1!. The vertical arrow indicates the location of losing stability and the on
of the fragmentation for 20 nm particles. The dot line corresponds to 4
particles. The dashed line is the gas temperature shown for compariso
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be very small at high temperatures. One can see that for
flame temperature exceeding 1750 K, there are no appro
ate particle temperatures for the system to be stable
given particle radius of 10 nm while they still exist for th
smaller particle radius of 2 nm. Thus, on approaching
critical temperature, the particle should experience a sud
transition into some other stable state, which can be follow
by the abrupt reduction of the characteristic particle s
through the particle fragmentation. Since the fast hig
temperature transformation towards thea-phase produces
mechanical strains, the natural way for the particle to ke
the heat balance is to be fragmented into considera
smaller particles. Such an explosion-like~or maybe peeling-
like! transformation cannot be complete, and we observe
mixture of bothg- anda-phases in ultrafine nanoparticles
3 nm. This fragmentation phenomenon can be used to ob
substantially different sizes and phases of nanoparticles
ing different properties from the same flame. We believe t
the fragmentation phenomenon revealed is general and a
cable for other complex oxides.
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