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Abstract: Ordered mesoporous Fe3;O,4 with crystalline walls (inverse spinel structure) has been synthesized
for the first time, representing to the best of our knowledge, the first synthesis of a reduced mesoporous
iron oxide. Synthesis was achieved by reducing ordered mesoporous o-Fe,O3 (corundum structure) to
Fes;0, spinel then to y-Fe,03 by oxidation, while preserving the ordered mesostructure and crystalline walls
throughout. Such solid/solid transformations demonstrate the stability of the mesostructure to structural
phase transitions from the hexagonal close packed oxide subarray of o-Fe,O3 (corundum structure) to the
cubic close packed subarray of Fe;O, spinel and y-Fe,Os. Preliminary magnetic measurements reveal
that the spins in both Fe3O, and y-Fe,O3 are frozen at 295 K, despite the wall thickness (7 nm) being less
than the lower limit for such freezing in corresponding nanoparticles (>8 nm).

Introduction which the target phase forms does not coincide with the stability

o ) ) N ~range of the template, the desired phase may not be obtained.

There is intense interest in mesoporous transition metal oxides .o oxides are particularly important because of their use
because confining d-electrons to the thin walls between poresgq, magnetic storage, as catalysts, and as potential electrodes
can endow such materials with unusual magnetic, electrical, andi, |ithjum batteries; properties that can be enhanced significantly
optical properties, whereas the high internal pore surface areajf the materials are formed on the nanosc&i. Ordered
can lead to new and unique catalytic propertigsHowever mesoporous F©®; with amorphous and crystalline walls{
the range of mesoporous transition metal oxides that may beFe,0s, corundum structure) have been prepared in bulk and thin
synthesized is limited. Mesoporous synthesis usually involves film form.”13 However, all the mesoporous iron oxides or
the use of a soft template (a surfactant, e.g., an alkyl amine) oxyhydroxides prepared to date have been fully oxidized
around which the mesoporous solid is assembled or a hardmaterials {-Fe,O3 ando-FeOOH), i.e., containing only Fe in
template (e.g., mesoporous silica) within the pores of which the +3 oxidation state, in part because of the difficult in
the mesoporous transition metal oxide is formed, followed by stabilizing lower oxidation states in solution and during
template dissolution. In both case, a solution step is required, synthesis:*3-1¢ The synthesis of reduced iron oxides, especially
which can limit the synthesis of mesoporous transition metal F&sOs (inverse spinel structure), is acknowledged to be an
oxides to those containing transition metals in oxidation states important goaf.1”-19 Here we take ordered mesoporous®s
that are stable in solutiohAlso, if the temperature range within
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with crystalline walls ¢-FeOs), convert it to ordered meso-
porous FgO4 (inverse spinel structure) by reduction, then to
ordered mesoporous #&; (y-F&0s structure) by oxidation,
while retaining the same ordered mesostructure and with
crystalline walls throughout. To our knowledge this represents
the first synthesis of the important reduced mesoporous iron
oxide, Fg0y, indeed the first synthesis of any reduced meso-
porous iron oxide. Preliminary magnetic characterization of
mesoporous R®,; and y-FeOs; with crystalline walls is
presented. Conversion of theFe,O3 structure to FgO, spinel
involves a change from a hexagonal close-packed oxide ion
array (-Fe0s3) to a cubic close-packed array @&g). This is
not a topotactic phase change; it involves sheaving of the oxide
ion planes from AB to ABC stacking; yet this significant
structural change can occur without destroying the ordered
mesostructure. Synthesis of disordered mesoporees0; as
a thin film phase by electrochemical means has been reported
recently?0

The synthesis of mesoporous transition metal oxides has
proved a formidable challenge, however, a challenge that has
seen important advances in recent yéafg32+22 The recent
advent of hard templating methods represents a major mile-
stone?®~34 Here we use the hard templating method, details of

o

o

which are described below.

Experiment Section

Three-dimensional mesoporous silica (KIT-6) with3d symmetry

Figure 1. TEM images recorded along the [111] direction for mesoporous
(a) o-Fe03, (c) Fe04, and (e)y-FeOs3; HRTEM images for mesoporous
(b) a-Fe&0;3, (d) F&Oq4, and (f) y-Fe0s.

under Ar, and all structure characterization was carried out without

was used as hard template. The synthesis of mesoporous KIT-6 hasexposure to air. For the preparation of mesoporg#s0s, the as-

been described in previous repoits® In a typical synthesis of
mesoporous R®. 1 g of Fe(NQ);:9H,O (98%, Aldrich) was
dissolved in 20 mL of ethanol, followed by additiorf & g of
mesoporous silica, KIT-6. After stirring at room temperature until all

prepared mesoporous & was heated at 158C for 2 h inair.

The materials were characterized by transmission electron micro-
scopy (TEM, Jeol JEM-2011), powder X-ray diffraction (PXRD, Stoe
STADI/P diffractometer operating in transmission mode witlJre

the solution had been absorbed and a dry powder obtained, the sampleadiation,A = 1.936 A), Low angle X-ray diffraction (Rigaku/MSC,

was heated slowly to 60C in air and calcined at that temperature for
6 h. The resulting sample was twice treated with & 2dvl NaOH
solution to remove the silica template, followed by washing with water
and ethanol several times, and then drying at’60 This procedure
leads to mesoporous-Fe,O; with crystalline walls as described in
reference 33. Reduction was achieved by heating at°8@r 1 h
under a 5% H-95% Ar atmosphere. MesoporouszBg was stored
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J. Am. Chem. So2004 126, 865.
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D/max-rB with Clk, radiation A = 1.541 A) and N adsorption (Hiden

IGA porosimeter)>Fe Mssbauer spectra were recorded in transmis-
sion geometry on a standard EG&G spectrometer in the constant
acceleration mode, using®8Co(Rh) source. Magnetization measure-
ments were made on a Quantum Design MBEQUID magnetometer

in a field of 0.01 T.

Results and Discussion

The highly ordered mesostructures wfFe,03, Fes04, and
y-FeO; are evident in Figure 1, a, ¢, and e. Although the
synthesis of ordered mesoporaud-e,03 using KIT-6 and its
characterization by TEM, PXRD, andlddsorptior-desorption
have been reported previously, the TEM data are included here
to demonstrate retention of the mesoporous structure during the
reduction and oxidatiof? For all three mesoporous materials
the symmetry is that anticipated for a replica of the KIT-6
template structureld-3d). The a, parameters extracted from
the TEM data are 23.2 nno{Fe,03), 24.4 nm (FgO,4) and 23.0
nm (y-Fe0s). These data indicate that the mesostructure is
maintained throughout the reduction and oxidation with only a
slight expansion on conversion frootrFe,0; to FeO4 and
contraction on transformation from $&, to y-FeOs. The high-
resolution TEM (HRTEM) images in Figures 1b, d and f show
the detailed structure of the mesopores. The ordered meso-
structures and pore shapexefFe0s;, Fe;04, andy-FeOs seen
in Figure 1 are typical of those observed throughout the
materials, based on examining many different regions and many
particles. The results of low-angle powder X-ray diffraction data
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Figure 2. (I) Low-angle PXRD patterns for mesoporous (a}®eand (b) Figure 3. (a) N, adsorptior-desorption isotherms and (b) pore size

y-Fe0s; (Il) wide-angle PXRD patterns for (a) bulk §&, (b) mesoporous distribution for mesoporoug-Fe0s.

Fes04, (c) bulk y-FeOs and (d) mesoporoug-Fe0s.

metal oxide prepared by the hard-templating meti#gd The
pore size distribution is shown in Figure 3b. The peak is centered
around 3.6 nm, which is in good agreement with the value

for Fe;04 andy-Fe0Os5 are shown in Figure 2(1), a and b. Both
materials exhibit a peak around 0.8 26 assigned to [211]
reflection, with a weaker secondary peak at about (CtiKa.y). expected for a replica of the KIT-6 struct#* The Brunauer
From the low angle [211] reflection, ttag parameters for R, Emmett-Teller (BET) surface area for mesoporqu$e,0s is
andy-Fe;03 were determined to be 24.5 and 23.4 nm respec- 86 n? g~ L.

tively, values that are in good agreement with those obtained  1yrming to the structures of the walls, it is evident from the

from the TEM data in Figure 1. wide-angle powder X-ray diffraction data, Figure 2(ll) b and
The above results demonstrate that mesopouskie;Os can d, that the walls are highly crystalline; the PXRD data exhibit
convert to FgOs then to y-F&Os with retention of the  well-defined peaks corresponding to the crystal structures of
mesostructure. The ability to carry out solid/solid transforma- Fe;0, [Figure 2(Il)b] andy-Fe0s [Figure 2(l)d]. Although
tions in mesoporous solids, and with retention of the meso- the diffraction patterns look similar for both compounds, they
structure, has been observed previously: for example, trans-are different with different space grougsd@m andP4532 for
formation of ordered mesoporous £n with the spinel Fe;04 and y-Fe0s, respectively) and lattice parameters that
structure, to the spinel-based low-temperature Li€gO- differ significantly (8.385 A and 8.346 A for E®, andy-Fe,0s,
C0,0s), by reacting mesoporous €@, with LiOH at 400°C.3* respectively, JCPDS Nos. 19-629 and 25-1402). Refinement
In another case, mesoporous goethiteFeOOH) has been  ysing the Rietveld method yielded cubic lattice parameters of
transformed to hematiteafFe,03) by heating at 450°C.7 8.383(2) A (FgOs) and 8.343(2) A %-Fex0s) for the mesopo-
However, in both cases, the oxygen subarray retains the samegous materials, in excellent agreement with literature values.
close packing, ccp in the case of the spirgbinel transforma-  These results demonstrate that®espinel has been success-
tion and th in the case of goethite to hemeatite transformation,fu”y Synthesized and Con\/erted'}pd:ezos; further corroboration
whereas here the more difficult conversion from hcp to ccp, of the FeO, formation and conversion tp-Fe;O; has been
involving the sheaving of oxygen layers, from AB to ABC  gbtained from EXAFS/XANES and is discussed later. Although
stacking, occurs. The thin walls endow the mesoporous solidsthe PXRD data indicate that the walls are highly crystalline,
with a erX|b|I|ty that aids such solid/solid transformations while examination of the HRTEM images in Figure 1, d and f, shows
preserving the mesostructure. that each particle is not a single crystal; instead, the lattice
N2 sorption isotherms were collected fprFeO3 and are fringes run in different directions in different regions of the
presented in Figure 3a. Because mesoporog®4@nverts to particles. Lattice fringe spacings of 2.53 and 4.82 A are
the y-phase on exposure to air, it was not possible to obtain highlighted in Figure 1, d and f, and correspond well with the
reliable sorption isotherms for @, The data fory-Fe0Os d spacings of the [311] and [113] reflections for;Bg and
exhibit a type-IV isotherm, typical of a mesoporous transition y-FeOs, respectively, in agreement with the values of 2.532

J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006 12907
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and 4.82 A obtained from the JCPDS database (JCPDS Nos. -10 5 . 0 5 10
19-629 and 25-1402). Velocity (mm/s)

Further confirmation that mesoporous compound with the Figure 6. Mdssbauer data recorded at 295 and 75 K for mesoporous (a)
composition FgO, has been prepared and then converted to E:;s(t)?ignd (b)y-Fe;05 (open circles: experimental data; solid black line:
y-Fe0; was obtained from EXAFS/XANES. The FeplL '

XANES of mesoporous RE®, and y-FeOs are presented in  from the powder X-ray diffraction measurements. The differ-
Figure 4, after the smooth preedge background subtraction andences between the spectra fogBgandy-Fe,Os further confirm
normalization. The XANES data for the bulk materials are also that the two different forms of iron oxide have been prepared.
shown for comparison. It is clear that mesoporousdzeand Mossbauer data are presented in Figure 6 for mesoporous
y-Fe0; have average oxidation states 6f2.66 and+3, Fe;04 andy-Fe0Os at 75 and 295 K. The data for §&&y, inverse
respectively. The Fourier transformed EXAFS data are presentedspinel (Fef [Fe2TFe™],.04) at 295 K are composed of two

in Figure 5 along with data for the corresponding bulk phases sextuplets, one corresponding to the tetrahedral sit¢ iem

(raw data deposited). The data for the mesoporous and corre-and the other to an average oxidation state of°Fdn an
sponding bulk materials are identical, confirming the results octahedral site (Figure 6a). The latter is consistent with electron

12908 J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006
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Figure 7. Magnetization measured after cooling in zero field (zfc) and
then in a field of 0.01 T (fc) for mesoporous (a)sBa and (b)y-Fe0s.

exchange between the high-spirfFand Fé* ions in the 16d
octahedral sites of thed3m spinel structure being sufficiently
rapid, on the time scale of the dsbauer experiment, to ensure
that the individual iron ions are indistinguishable. Bulk mag-
netite undergoes the characteristic Verwey transition in the
region of 120 K, manifested most distinctively by a metal
insulator transition on cooling. The traditional rationalization
of this transition involves a localization and ordering of charge
on the F&" and Fé&" ions of the octahedral sites in the low-

lower intensity (labeled Fé) and a weak doublet corresponding
to paramagnetic P& (Fe*t p-m). At both temperatures the
Mdssbauer data are consistent with magnetic order” Bed
Fe*t are formal valence state, which does not mean that the
charge states are exactly 2.00 and 3.00 in agreement with
Wright's previous report® The magnetization data under zfc
and fc conditions (Figure 7b) indicate that spin freezing has
occurred by 340 K and are broadly consistent with data for bulk
samples (magnetic ordering occurs in bylkFe,0; below
approximately 900 K); they are also compatible with magnetic
order.

Further work is required to characterize the magnetic
structures of mesoporous &% and y-FeOs in more detail.
Such work is underway, addressing in particular the absence
of the Verwey transition signature in the dc magnetization
measurements for E®, and to fully understand the various
contributions to the Mssbauer data foy-FeOs; at room
temperature. However, it is clear that mesoporougOr@nd
y-Fe,03 exhibit magnetic order. These results are in accord with
our recent observations of magnetic ordering in mesoporous
o-Fe0; with crystalline walls. In that case, long-range magnetic
ordering was observed for a wall thickness of approximately 7
nm, despite the fact that nanoparticles of dimensions less than
8 nm exhibit a breakdown of magnetic order and superpara-
magnetic behaviot® The magnetic interactions along the 2D
walls are sufficient to promote magnetic order. We suggest that
a similar mechanism may explain the observations of magnetic
freezing in mesoporous k@, and y-Fe0s; such freezing is

temperature state, although there is still considerable debateypsent in nanoparticles of these phases at such temperatures if

about this?”38 Data taken at 75 K on mesoporous;Bg are

less than 8 nm in diameté#43The retention of magnetic order

compatible with such charge ordering: three sextuplets may 4; relatively high temperatures in mesoporougdzeand

be distinguished, corresponding to tetrahedrdl Fectahedral
Fe*t, and octahedral Pé (Figure 6a). At both temperatures

y-Fe0s; may be significant for technological applications.

the Mtssbauer data are consistent with magnetic ordering. The conclusions

magnetization data (Figure 7a) are also consistent with this

conclusion: a divergence in field-cooled (fc) and zero-field-

Mesoporous F£, has been synthesized. This is the first

cooled (zfc) data indicate that spin freezing has occurred at thesynthesis of mesoporous4@ or any reduced mesoporous iron

highest experimental temperature of 340 K (bulks®g

oxide, something that is difficult to carry out directly. Starting

undergoes a paramagnetic-to-ferromagnetic transition aroundfrom ordered mesoporous-Fe0z with crystalline walls,

850 K). The Verwey transition is sometimes manifested yOge

reduction results in the formation of ¥y, and then oxidation

as an anomaly in the magnetization, but we see no sign of suchyieldsy-Fe,Os, while preserving the same ordered mesostructure
a feature; however this can, in some cases, be difficult to detectang crystalline walls throughout these solid/solid transforma-

by dc magnetizatioR®4!

Considering the Mssbauer data foy-Fe:O3 and beginning
with the data at 75 K, these data may be fitted by a single
sextuplet (Figure 6b). The literature on bylkd-e,05 indicates
that, although F& is present on both the tetrahedral and the

octahedral sites of the spinel structure, the sextuplets of both

sites overlap significantly, consistent with our observations at
low temperatures for mesoporops$-e0;. At room temperature,
the spectrum is again dominated by a sextuplet &f Fie accord
with the bulk material (Figure 6b, labeled ¥ey). However,
there are two other contributions from ¥eto the data for
mesoporouy-Fe,03 at room temperature, a sextuplet of much

(37) Garcia, J.; Subias, @. Phys.:Condens. Mattet004 16, R145.

(38) Wright, J. P.; Attfield, J. P.; Radaelli, P. Bhys. Re. B 2002 66, 214422.

(39) Goya, G. F.; Berquo, T. S.; Fonseca, F. C.; Morales, M.. Appl. Phys.
2003 94, 3520.

(40) Sena, S. P.; Lindley, R. A.; Blythe, H. J.; Sauer, C.; Al-Kafarji, M.; Gehring,
G. A. J. Magn. Magn. Mater1997 176, 111.

(41) Chapline, M. G.; Wang, S. XI. Appl. Phys2005 97, 123901.

tions, emphasizing the flexibility of mesoporous solids to such
transformations. The magnetic properties of mesoporog@4e
andy-Fe0Os have been characterized by Mdbauer and SQUID
measurements. The materials exhibit magnetic freezing above
340 K despite wall thicknesses &ff nm, whereas nanoparticles

of the corresponding iron oxides lose magnetic order below a
particle size of 8 nm down to much lower temperatures.

Acknowledgment. P.G.B. is grateful to the Royal Society
and the EPSRC for financial support. P.G.B and J.-C.J. thank
the EU for funding.

JA063662I

(42) Yang, T. Z.; Shen, C. M,; Li, Z.; Zhang, H. R.; Xiao, C. W.; Chen, S. T.;
Xu, Z. C.; Shi, D. X.; Li, J. Q.; Gao, H. 1. Phys. Chem. R005 109,
23233.

(43) Tartaj, P.; Gonzalez-Carreno, T.; Serna, A. £hys. Chem. BR003 107,

20.

J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006 12909



