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Wiistite with NaCl structure is successfully synthesized in a quartz tube sealed under veldud@rtorr).

Hematite in an evacuated quartz tube progressively loses oxide ion at 1373 K. XRD patterns disclose that
FeOs is transformed into the E@; after heat treatment at 1373 K for 32 h, and the poorly crystallized FeO is
appeared after heat treatment for 48 h. FinallfFe:Os is completely transformed into the well crystallized
Fen.03f0 after heat treatment for 84 h. The electrical resistivity, ac-susceptibility measurement, Mossbauer spec-
troscopy, and x-ray absorption spectroscopy corroborate the structural phase transition on the iron oxides pre-
pared in a sealed quartz tube depending on the heating time at 1373 K.

Introduction The extent of the reduction was found to depend on the gas
composition, reduction temperature, and pellet thickness.
Unlike other transition metal oxides, the stoichiometric Furthermore, the surface reaction was occurred during the
iron monoxide cannot exist as a stable phase, so the nonstow temperature reduction of sintered hematite pellets under
ichiometric iron monoxide, wustite has been extensivelyhydrogen between 573 and 773 K, and the reactivity of
studied as the model of a nonstoichiometric phase. A stabléematite toward reduction under hydrogen was determined
cation-deficient phase, g (0.83 <x < 0.95) exists at 0.1 by the value ofd (in the formula Fgs-5).* It should be
MPa pressure and temperatures higher than 84(rts pointed out that the well-defined reduction products of
phase decomposes to Fe metal angOfFevhen cooled FeOs;can be obtained under optimal conditions of tempera-
slowly to temperatures lower than 840 K. If, however, theture and oxygen partial pressure. More precisely, th@sFe
FeixO is rapidly quenched from the equilibrium region, this can lose lattice oxide ions {Q at high temperature under a
phase can be obtained as a metastable one at room temperald reduction atmosphere, such as vacuum. As more oxy-
ture? gen vacancies are generated, the hematite deviates from sto-
The nonstoichiometry of wistite varies with the oxidationichiometry, that is, may be transformed into magnetite or
of divalent iron to trivalent iron as a function of tempera- wistite.
ture(T) and oxygen partial pressurefPdn comparison Based on these facts above mentioned, we try to synthe-
with other transition metal oxides, such as0i, CaxO, or  size directly wiistite from the F®;using vacuum£ 1x10°3
Mn1.xO with very smalix (x < 10°%) at low oxygen partial  torr).
pressure, wistite exhibits a minimal cation deficit of about
5%3 Experimental Section
The nonstoichiometric wistites are prepared from the
mixtures of iron(lll) oxide and iron metal powder. The mix- The FeO used in this investigation was prepared from
tures of Fe and E®; with overall Fe/O ratio in the range iron(lll) oxide. The a-Fe0s; (Aldrich, 99.998%, and v«
0.88- 0.95 are heated in evacuated and sealed vitreous silit&0 mg for each pellet) was pelletized and put into the
tubes at 1273 K for 2 days and quenched down to room tengquartz tube, then the quartz tube was sealed under vacuum
perature® It should be mentioned that the preparation routg = 1x10°° torr). The FgOspellets in thesealed quartz tubes
is composed of two steps including the reduction step undexere heated in an electric furnace at 1373 K as a function of
dry hydrogen gas at 1120 K from the,®g¢ to the pure time, and cooled down to room temperature in an electric
metallic iron. And also, this method is too much trouble-furnace.
some since it is very difficult to control Fe/O ratio due to the Powder X-ray diffraction data were obtained with Rigaku
high reactivity of Fe metal powder. Thus, in this study, weD-max 2400 using Cu &radiation.
will try to synthesize directly wistite, Eg© from the FgOs The resistivities of samples were measured by four probe
using one step reaction. dc method using a nanovoltmeter (Keithley 182) and a cur-
It is also motivated that the reduction of ferric oxide hasrent source (Keithley 224). Temperature of the sample was
been extensively studied for its importance to iron makingcontrolled by a closed cycle helium refrigerator (APD HC-2)
and steel making2 The kinetics of reduction of F® has  and a temperature controller (Lake Shore M330).
been frequently studied by measuring the weight16sand Ac-susceptibility measurement was performed by an ac-
electrical conductivity of ferric oxidé&™* during reduction.  susceptometer (Lake Shore 7130) witi@®emu/g sensi-
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tivity. As the heating time is prolonged, the remaining hematite
The Mossbauer spectroscopy studies were carried out deviates from stoichimetry. So, this reation can be
298 K with ®"Cosource doped in metallic rhodium which expressed, as follows;
was oscillated in a sinusoidal mode. The doppler velocity of
spectra was calibrated with iron metal foil (@ in thick- Fe,O54 A Fe,05_5 + %602
ness).
X-ray absorption near edge structure (XANES) spectravhered refers to the extent of oxygen vacancy.
were measured at the beam line 3C1 of the Pohang Acceler-From the XRD patterns of thermally treated®= it can
ator Laboratory, operated at 2.0 GeV with the stored currertte deduced that the structural evolution franFeOs
of ca. 100-150 mA. Samples were ground to fine powder irlhematite, corundum structure) took£O (wistite, NaCl
a mortar, and then spread uniformly onto an adhesive tapstructure) is due to the removal of an oxide ioh f@m
which was folded into some layers to obtain an optimuma-FeOs lattice. It should be pointed out that vacuumi(x
absorption jump. All the data were recorded in a transmis1072 torr) would play an important role for the deintercala-
sion mode at room temperature using the double crystdlon of oxide ion from Fgs lattice. The well crystallized
Si(111) monochromator, which was detuned and stabilizetre; 9340 was annealed at 520 K for 7 days. XRD analysis
to 60% of the incident intensity, at the absorption edge in revealed that wistite decomposes to the two phase mixture
order to reject higher harmonics. The energy was calibratedf iron and magnetite, which is in agreement with the dispro-
to the edge position, 7112 eV, of a simultaneously measurgabrtionation reaction of wiistite reported.
Fe metal. lonization chambers filled with Mere used as The electrical resistivity as a function of temperature cor-

detection scheme for photon intensities. roborates the structural evolution of iron oxides as prepared.
As shown in Figure 2, the electrical resistivity of &0
Results and Discussion has the higher value than that of magnetite. The electrical

resistivity of single crystal magnetite has a good coincidence

Figure 1-a) reveals that-Fe:O; is transformed into the with that of reported literaturé:?° The electronic structure
Fe;O, after treatment at 1373 K for 32 h. After thermal treat-of wistite can be described in terms of molecular orbital dia-
ment at 1373 K for 48 h, the structural variatioroeffe,03 gram of Fe@° for F&* in octahedral coordination. The
is shown in Figure 1-b). It might be assured that this XRDenergy levels for Feff cluster is determined by overlap-
pattern is very similar to that of £€. After thermal treat- ping between Fe 3d orbitals and O 2p orbitals, which finally
ment at 1373 K for 84 h, the well crystallized;.@ is  forms into the bands. Wustite is classified as the p-type
formed as shown in Figure 1-c). Based on the value of unisemiconductor with the band gap of 2.3'2Vhe band gap
cell parameters of g0 (a = 4.303 A) estimated from XRD of FeO,is small (0.1 eV), so magnetite shows the lowest
pattern in Figure 1-c), the composition x is determined taresistance of any iron oxide. In edge-sharing octahedra, the
0.935 according to the linear relation, a = 4.334478 x1° Fe&*and Fé" ions on the octahedral sites are close together,
and in consequence the charge carriers easily exchange
between the Féand Fé*in octahedral sites, which results in

(@) "f the lowest resistivity.
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26 Figure 2. Electrical resistivity of iron oxides prepared under
Figure 1. XRD patterns of iron oxides prepared under vacuum. vacuum.
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Figure 3. Susceptibility as a function of temperature for iron 4
oxides.
According to the previous resuffs?® ac-susceptibility (d) Fe0

measurement is a very useful noncontact method to confirr
small deviation of nonstoichiometry in magnetite from the
measured Verwey transition temperature. We expected thi
if some parts of a sample is close to ideal magnetite, ac-su
ceptibility changes i_n s_udden at the corresponding temperq\:-igUIre 4. Msshauer spectra of iron oxides.
ture of the nonstoichiometry of the magnetite phase. In
Figure 3, there is an abrupt susceptibility change feDfe
sample around 120 K, and the change is considerablpauer spectrum af-FeOsafter thermal treatment at 1373 K
reduced for FeO and FeO, mixture. More especially, for 84 h was obtained as shown in Figure 4-d). The spectrum
there is no change for 24 sample. It should be men- corresponds to the well crystallized kO with isomer
tioned that the change is very closely related with Verweyshift §=0.98 and quadrupole splittidg= eqQ/2 = 0.66. For
transition of magnetite as discusgé#. So, it is found that the well crystallized Rgz40, the central part of the spectrum
the fraction of Fg, obtained after heating f&;for 32 hiis  exhibits only a slightly separated doublet. As expected for a
very close to the ideal magnetite. But the fraction of magneeompound with cubic structure, it is presumed that the
tite in Fa.xO and FeO, mixture might be much lower than Mdssbauer spectrum of stoichiometric iron monoxide con-
that of FgO. (top in the curve) as the jump hight in the plot sists of a single line at room temperature. The spectrum of
depends on the fraction of magnetite phase. Cleagyz9$e  the nonstoichiometric compound consists of an asymmetri-
sample is an ideal magnetite free one as confirmed by XRPally formed doublet with contribution from #aesonance

| | |
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analysis. and from two quadrupole split #dn the structureig. the
The Mdssbauer spectra afFe0Os heated at 1373 K as a variation in Fe content and vacancy level).
function of time are shown in Figure 4. ForFeOs Since detailed information on the valence and local envi-

(99.998%, Aldrich), this spectrum vyields= 0.42 mmS', ronments of the specific element can be obtained from the x-
Het=524 kOe, and the effective quadrupole splitting isray absorption near edge structure (XANES), the evolution
- 0.10 mmSt.? After thermal treatment af-FeOsat 1373 of the Fe K-edge XANES spectra for iron oxides according
K for 32 h, the Mdssbauer spectrum (b) exhibits hyperfineto the reaction time is depicted in Figure 5. For comparison,
magnetic splitting. This spectrum consists of two sextetghe figure also includes the Fe K-edge XANES for the
which are attributed to tetrahedral sites (A site*Fand  ground sample (b) of single crystal:Bg and Fe metal foil
octahedral sites (B sites; ¥ This is in accordance with the (f). With increasing reaction time, the overall near edge
well known Mossbauer spectrum ofsBe.?® However, the  structure shifts to lower energies. However, the two samples
notable thing is found in the vicinity of v =1 mmSwhich  heated for more than 48 h shows almost the same absorption
results from the minor portion of E€ with isomer shift of  edge feature. For more detail comparison of XANES spec-
doublet 5= 0.98 mmS! (relative to iron metal). From the tral features, their second derivatives are shown in lower
area of peak corresponding to each compound, the relatiyganel of Figure 5. In the second-derivative spectra, we can
content (%) of Fgsand FexO was determined as 82% and see that (b) and (c) spectra are similar, and also (d) and (e)
12%, respectively. After thermal treatment at 1373 K for 48spectra are similar. In the upper part of Figure 5, the similar-
h, the intensities of two sextets attributed taCzavere ity of (d) and (e) spectra was already shown, but (b) spec-
decreased on a large scale, but there still are some tracestfm is seen to be different from (c) one. Here, it should be
two sextets (as the mark of arrow). Based on the area ratio abted that more the exact electronic and local structural
the peak, the relative content (%) otGgand Fe.xO could  information can be deduced when XANES spectra are com-
be determined as 18% and 82%, respectively. The Mosgpared in their derivatives. Turning to the comparison of the
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x)(b) + x(e) with (c) spectrum, and consequently the average
spectrum of 0.8(b) + 0.2(e) was well fitted to (c) spectrum.
This result is well consistent with the fact that the sample
evacuated for 32 h at 1373 K consist of a mixed form of 82%
FesO4 and 18% FeO by means of the Mdssbauer spectra.
However, as stated above, there is no considerable difference
between (d) and (e) spectra, which might be due to the
intrinsic resolution of x-ray absorption spectroscopy in case
of the samples evacuated for more than 48 h at 1373 K.

Normalized absorption

Conclusion

Iron(ll) oxide with NaCl structure is successfully synthe-
sized in a sealed quartz tube under vacuum. Hematite in an
evacuated quartz tube progressively loses oxide ion at 1373
K depending on the heating time. XRD patterns disclose that
a-Fe0s transforms into the E®, after heat treatment at
1373 K for 32 h, and the poorly crystallized. k@ is
appeared after heat treatment for 48 h. Finallife0;s is
completely transformed into the well crystallized, §60
after heat treatment for 84 h.

The electrical resistivity, ac-susceptibility measurement,
Moéssbauer spectroscopy, and x-ray absorption spectroscopy
corroborate the structural phase transition on the iron oxides
prepared in a sealed quartz tube. Moreover, the newly pre-
pared FgqsO was considerably stable at room temperature
Figure 5. XANES spectra (upper panel) at Fe K-edge and theireven in a strong basic solution (1 N KOH) under a polarizing
second derivatives (lower panel) afFeOs (a), FeOs (b), the  potential.
sample after heating-Fe,0sat 1373 K for 32 h (c), 48 h (d), 84 h * yt j5 aqgured that vacuum treatment play an important role
(e), and the reference Fe metal (f). S - .

to remove oxide ion fromx-Fe,O; lattice, or in other words,

it can be regarded as a mild reduction atmosphere.
second-derivative spectra for iron oxides again, the peak Therefore, it is concluded that the new preparation route
appearing around 7112-7114 eV, which is assigned to 1s using vacuum technigue promises well the nonstoichiomet-
3d transition with dipole and quadrupole componéhts, ric wiistite, Fggs:O.
shows small doublet feature for (a), (d), and (e), but large Acknowledgment This work was supported by the
single feature for (b) and (c). This spectral difference is du&orean Ministry of Education through the research Fund
to the electronic structural difference induced from the(BSRI-96-2455).
change of local structure around iron ion. The intensity of
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this peak is well known to increase when the symmetry of
the iron site is loweret?. And also, the doublet feature in (a),
(d), and (e) spectra means that the antibondlibgnds con-
sisting of conduction band are doubly split above Fermi

level, whereas the singlet feature in (b) and (c) spectras.
means the antibonding-bands above Fermi level to be 3,

overlapped. In special, the energy difference of doublet fea-

ture for (e), 1.5 eV, is in good agreement with the calculated 4.

on&®for FeO. In addition, the relative intensity of lower and

higher energy features in a doublet is also in good agreemen®-

with the previously reported Fe l;-edge XANES spectfa
for the a-FeOs; and Fe.O. From these facts, it is thought
that the samples evacuated more than 48 h at 1373 K consis}
of basically wistite, RgO. Careful inspection of the (b) and

(c) spectra reveals that they are slightly different from each g

other in the higher energy region above 7120 eV, which indi- 9:

cates in a simple sense that (c) sample can be a mixed form
of a-Fe0s and FgO4, or FeO, and FexO. Therefore we
have compared the average spectra-et)(h) + x(b) or (+

10.
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