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Characterization of nanocrystalline y—FeO3 prepared by wet
chemical method
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Homogeneous maghemite {Fe&0s3) nanoparticles with an average crystal size

around 5 nm were synthesized by successive hydrolysis, oxidation, and dehydration of
tetrapyridino-ferrous chloride. Morphological, thermal, and structural properties were
investigated by transmission electron microscopy (TEM), differential scanning calorimetry
(DSC), and x-ray diffraction (XRD) techniques. Rietveld refinement indicated a cubic
cell. The superstructure reflections, related to the ordering of cation lattice vacancies,
were not detected in the diffraction pattern. Kinetics of the solid-state phase transition of
nanocrystalline maghemite to hematite{FeOs3), investigated by energy dispersive

x-ray diffraction (EDXRD), indicates that direct transformation from nanocrystalline
maghemite to microcrystalline hematite takes place during isothermal treatment &€.385
This temperature is lower than that observed both for microcrystalline maghemite and
for nanocrystalline maghemite supported on silica.

I. INTRODUCTION ported transition temperaturé¢s,_.,) vary in the range
Maghemite §—Fe0Os) is a technologically impor- 300-600°C, depending also on the experimental tech-

tant compound widely used for the production of mag-nidues and on the heating rate adoptetf:*>® .
netic materials and catalysts, Maghemite nanoparticles = 1he present study was carried out with the aim of
exhibit superparamagnetic behavior because of the smdllvestigating the effect of the particle size on the value
coercivity arising from a negligible energy barrier in the ©f 7y—a in the absence of any support or surface coating.
hysteresis of the magnetization lood.They have re- Maghemite nanoparticles were prepared through the
cently attracted considerable interest as optical-magnetfdydrolysis, oxidation, and subsequent dehydration of
media in magneto-optical devices. Optical-magnetic mel€trapyridino-ferrous chloride according to a method pro-
dia can be made by depositing magnetic and opticallpeSed by Baudisch and Hartutity® This method avoids
transparent particles inside supporting transparent maté-&0s (Magnetite) as an intermediate phase and therefore
rials, and maghemite nanoparticles satisfy these requirél0€s not require dramatic heat treatments which could
ments since they can be easily incorporated into ultrathif@vor hematite formation or grain growth.
polymer films1011

Several preparation methods are reported in the lity), EXPERIMENTAL
erature aimed to prepare and to stabilize the nanometric

. . 0 )
y—Fe0; phase:’1912-17 Maghemite §—Fe0s), the According to Baudisch and Hartulg® the prepa

ration was divided in two steps: (i) preparation of

ferrimagnetic cubic form of iron() oxide, on heating tetrapyridino-ferrous chloride (yellow salt) and (ii) hy-
transforms to hematite(-Fe0s), the antiferromagnetic drolysis and oxidation of the yellow salt to-ferric oxide

rhombohedral form. Factors like particle size, their even-hydrate and subsequent dehydration to maghemite.

tual coating, and the presence of a supporting media In a typical preparation 100 mL of pure pyridine

affect the stability of iron oxides. Therefore the re- were placed in a 500 mL three neck round-bottom flask
equipped with dropping funnel, GQinlet tube, and

Aaddress all correspondence to this author. bulb condenser with cold water flow in the jacket.

e-mail: ennas@vaxcal.unica.it Pyridine was freed from dissolved oxygen by heating
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it carefully to the boiling point under a vigorous flow The diffraction data were collected in transmission mode

of CO, through the liquid. 25 mL of saturated aqueousat a fixedé angle using a liquid nitrogen cooled Ge solid

solution of ferrous chloride (Feg€hH,0, 98% Aldrich), state detector.

prepared with fresh bidistillate and oxygen-free water in  The y—Fe0O; powder was pressed to obtain a pel-

N, atmosphere, was dropwise added to pyridine kept ihet (13 mm diameter, 1 mm thickness) which was lo-

an ice bath and stirred in G@Gtmosphere. The mixture cated inside the sample holder forming an angle of 5

was then allowed to stand overnight under a flow ofwith the incident beam. This angular value corresponds

CO,. The obtained yellow salt was filtered in a Buchnerto the 0.8 < g < 4.6 range according to the relation-

funnel in a N atmosphere, washed with small amountsship g(E, 8) = (44 sin §/A). Structural evolution of the

of pyridine, and kept in a sealed container. sample was followed by collecting diffraction data ev-
The yellow salt was then dissolved in fresh bidistil- ery 500 s after the programmed final temperature was

late water in the ratio of 20/4. and placed in a flask. A rapidly reached.

vigorous oxygen flow was allowed to bubble through the

solution _for 15 min; a reduce_d flow was then continued;; ReSULTS AND DISCUSSION

for additional 2 h. The resulting powder, the orange ) )

ferric oxide hydrate —FeO(OH)], was washed in a  _1he precursor yellow salt and theferric oxide hy- -

Buchner filter with fresh bidistillate water. It was dried drate were characterized by XRD; peak positions and in-

in argon atmosphere with a slow heating ramp and thefEnSity correspond to [Feg8sN),]Cl, andy —FeO(OH),
slowlgi/ cooled tg room temperature. g P respectively’® The y—FeO(OH) is nanocrystalline with

The final sample, dissolved in HCI, was first checked®V€'29€ particle size centered around 6 nm, as approxi-

by a rapid ferricyanide te&tto confirm the absence of Mately determined by the Scherrer metfigd.
Fe(1). Fe(i) content, determined by EDTA titratidA,is TGA analysis qu—FeO(OH), Fig. 1(a). indicates
consistent with FO; stoichiometry. that the transformation tp —Fe0O; starts around 250C.
Thermal behavior of the samples was examinated GA Of the sample after thermal treatment for 1 h at
by thermogravimetry (TGA) and by differential scan- 250 C confirms its complete dehydratlon [Fig. 1(b)].
ning calorimetry (DSC), using a Perkin-Elmer series 7Th¢ fln_al sample is in the form of.a Ilght-brown powder
thermal analysis systems, in an argon flux and with gvhich is strongly attracted when in contact with a small
heating rate of 10 Kmin. natural magnet. . .
TEM observations were carried out directly on the . 1he bright-field TEM image ofy—FeO; (Fig. 2)
as-prepared powders without any thinning proceduréhows the presence of needle-like particles. A careful

using a JEOL 200CX microscope operating at 200 kV;observation of the dark-field image, reported in Fig. 3,
powders were deposited on a carbon grid after bein eveals, however, that each needle is formed by a chain

ultrasonically dispersed in octane (C. Erba, 99%). f nanocrystals, with a narrow size distribution centered

Room temperature powder XRD data were col-around 5 nm. Average crystal size, i.e., the average size

lected on a Siemens D500 automatic powder diffrac Of the coherently diffracting domains, was also evaluated

tometer, operating at 35 mA and 50 kV, equipped withPY means of W.A. analysis and by Rietveld refinement.
a graphite monochromator on the diffracted beam and

using MoK, radiation. Warren—Averbach (W.A.) peak

profile analysi&® was performed to determine the av- =
erage crystallite size. Rietveld refinem&ntvas also

carried out to obtain both morphological and structural 100
information. Rietveld refinements were carried out using
the PC version of the GSAS (Generalized Structure
Analysis System) prograit.A pseudo-Voigt functioff
was used to model the peak shape. The instrument:
profile parameters were derived from the fitting of pow- .
der XRD data obtained from standard samples (silicor
National Bureau of Standards no. 640a, microcrystalline 85
y—Fe0;, and commercial R©,).

Structural evolution of maghemite during isother-
mal treatment was observed through thesitu Energy 80 - T
Dispersive X-Ray Diffraction (EDXRD) technique using 0 100 200 300 400 OSOO 600 700
a 0-0 diffractometer equipped with a programmable Temperature (°C)
furnace?”?® The polychromatic white beam of the tung- FiG. 1. Thermogravimetric curves of the (a) as-prepaseferric
sten bremsstrahlung was used as the source of x-raysxide hydrate and (b) after thermal treatment at 260

ht%
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FIG. 4. Experimental x-ray powder diffraction pattern of the nano-
crystalline y—Fe03; sample.

structure of maghemite may be concisely indicated as
(FET)s[Fe 403053103, where (), [ ], andd designate
tetrahedral, octahedral, and vacancy sites, respectively.
Eight of the Fé' ions are tetrahedrally coordinated
whereas the remaining are partially allocated into
octahedral sites. The ordering of the vacancies gives rise
to a tetragonal superstructure with= 0.835 nm and
¢/3 = 0.832 nm3! The Rietveld refinement indicates
a cubic cell with space grougFd3m. In fact, no
superstructure reflections, due to the ordering of cation
lattice vacancies, were observed in the diffraction
pattern. This result is consistent both with a random
distribution of cation vacancies among octahedral
sites~34 and with the presence of—FgOz; 5 nm
nanoparticles (less than 2 tetragonal cEtf}>18

The values of experimental intensities (@f20) and

FIG. 3. Dark-field image of the nanocrystalling—FeO3; sample
with its corresponding SAD pattern (inset).

TABLE |. Values of the average particle siz®) and relative width

at half maximum (FWHM) of the size distribution curve. (hQO) spinel reflections indicate significant preferred
orientation of they—Fe0O; nanocrystals either along
TEM W&A Rietveld crystallographic axes or parallel to the cell diagonal
(D) nm 5(1) 4(1) 401) direction. .
FWHM nm 2.7(1) A broad exothermic peak centered around 360

corresponding to the temperature of theto-a phase
transition, is present in the DSC curve of the nanocrys-
The values are consistent with those observed in th&lline y—Fe0O; sample (Fig. 5). The XRD pattern of
dark-field TEM images (Table I). the powder heated up to 45C and then rapidly cooled
Figure 4 shows the XRD pattern of the-FeO;  down to room temperature shows all the diffraction
sample. Peak positions and intensity correspond to thoggeaks ofa —Fe0O; whereas none of thg —FeO; was
of the reference data foy—Fe05.1231-3*No trace of detected, indicating the completeness of phase transition.
hematite was detected in the sample. The lattice param- There is a clear relation between thg,_,
eter obtained by Rietveld analysis = 0.8349(1) nm]  and the size of maghemite nanoparticles: nanosized
is consistent with those obtained through selected areand ultrafine particles havé,_, in the range 300-
electron diffraction (SAED), inset of Fig. 3. 450 °C®87:12,13,.16,17,35, present papefyyhile  microcrystalline
The structure of crystalliney—FeO; is strictly  particles havel’,_., in the range 500—600C.3¢3” DSC
related to that of the inverse spinel J&g. The data on microcrystalline maghemite particles prepared
most important difference is the presence of vacancyith conventional methddin our laboratory (inset of
sites distributed on a cation sublattice. The basid-ig. 5) clearly show an exothermic peak centered around
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FIG. 5. DSC curves of the nanocrystalline and microcrystalline (inset) 2.59
v—Fe03; samples. 2
1.57
1
570 °C, confirming that microcrystalliney—F&0Oj; is e L 0.5

more stable in thermal treatment than nanocrystalline 200 300 400 SOO '60'0' 700 éOO

The different behavior could be explained by the
nonequilibrium state of nanocrystals which do not sit channels

In-an a_bSOIUte minimum of free energy, but rather ret_alr]:IG. 6. Selected time-resolved, energy-dispersive x-ray diffraction
a consistent amount of excess free energy. Atoms Or i0Ngectra for they-to-a transformation of FgOs at 385°C. Acqui-

in this state need lower activation energy for diffusi®n, sition time is 500 s for each spectrum; thermal treatment duration
and therefore thermal activated transformation occurs gseconds*1000) are reported.

lower temperatures than in equilibrium systeths.

We have previously shown thdt,_., of nanocrys- L B
talline maghemite supported on silica is around 703°
From the results reported here it can be deduced that tt
particle-support interaction plays an important stabiliza-
tion effect on they phase.

Kinetics of the solid state phase transition fram
to a—FeOs in the powdered sample was investigated g
through EDXRD. On the basis of DSC results and=
after a few preliminary runs, a temperature of 385
(%£2) °C was chosen; at this temperature the trans
formation is relatively slow and can be followed in |
real time. Relevant time-resolved EDXRD experimental 0

—
-

data are reported in Fig. 6: they clearly display the P S DT BT
time course of transformation. As the reaction proceeds 10 20 30 40 50
the intensities of diffraction peaks of the maghemite 29
decrease while those of hematite emerge and increase.
The transition is complete after 14 h. After EDXRD FIG. 7. Experimental x-ray powder diffraction pattern of the
measurements the thermally treated sample was ana|y2§ _FQOg sample obtained after Fhermal treatment of the nanocrys-
by conventional XRD at room temperature (Fig. 7).ta ine y—Fe0; sample at 385C in EDXRD apparatus.
All peaks belong to hematite while maghemite peaks
are absent. Rietveld structural parameters are typice(?
of microcrystalline hematif€; no preferred orientation 1) = (&) - I(tena) + (1 — (@) - I(t), (1)
effect was observed.

The evolution with time of y, the fraction of whereI(t), I1(1y), I(t..q) are the integrated intensities.
hematite present in the sample, was calculated by th&he resulting curve, reported in Fig. 8, is typical of

llowing equation:
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