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Iron oxide aerogels were synthesized from tetramethoxysilicon(IV) (TMOS) or tetraethoxysilicon(IV) (TEOS) and

iron nitrate using an acid-catalyzed solution–sol–gel method combined with subsequent extraction of the

alcoholic solvent with supercritical CO2. The main parameters varied in the sol–gel synthesis were: the type of

N-base used as the gelation agent (N,N-diethylaniline, trihexylamine, ammonium carbonate, ammonia), the

concentration of the iron precursor, and the water content. The silicon precursor was prehydrolyzed to improve

its reactivity. After calcination at 600 uC, the structural and chemical properties of the aerogels containing

0–20wt% nominal Fe2O3 were characterized by means of nitrogen adsorption, X-ray diffraction (XRD),

transmission and scanning electron microscopy, temperature programmed reduction, X-ray photoelectron

spectroscopy (XPS), UV-Vis, DRIFT and EPR spectroscopy. XRD and electron microscopy indicated that all

aerogels were amorphous, irrespective of the sol–gel conditions used. The aerogels were predominantly

mesoporous, with pore size maxima ranging between 20–50 nm, but also exhibited some microporosity. For the

10 wt% iron oxide samples, the specific pore volumes ranged from 0.7 to 2 cm3 g21 and BET-surface areas

from 150 to 636 m2 g21, depending on conditions. With increasing iron content, the BET surface area

decreased from 740 to 340 m2 g21, accompanied by increasing microporosity. XPS revealed significant silicon

enrichment on the surface. Spectroscopic investigations (UV-Vis, EPR) uncovered different iron-containing

species, ranging from tetrahedrally coordinated iron atoms incorporated in the silica matrix to iron oxide

nanoclusters. Formation of isolated iron atoms was favored with low iron content samples. The N-base used to

force gelation had a significant effect on the morphology and population density of Fe(OH)Si in the aerogels.

1 Introduction

Mixed oxides play a central role in chemical and petrochemical
processing as catalysts and as supports for catalytically active
species. Particularly attractive are aerogels, which are high
surface, high porosity materials prepared by the sol–gel method
combined with subsequent supercritical extraction. In addition
to their various catalytic uses, aerogels have applications in
many other areas, such as insulation and ceramics.1,2 Prepara-
tion of catalytic mixed oxides by sol–gel chemistry affords a
degree of control over the intimacy of molecular-scale mixing
and the textural properties, which is hardly achievable by other
methods. Also, compared to crystalline materials, aerogels can
offer higher flexibility with regard to chemical composition.
However, an inherent problem of sol–gel-derived materials is
that mixing of the constituents on the molecular scale is
difficult to achieve and the resulting structures are often
metastable, prone to restructuring.3,4 A survey of the various
aerogels which have been applied in catalysis, together with the
corresponding reactions they catalyze, has been given in recent
reviews.4–6

There are only few reports in the literature on Fe–Si mixed
oxide xero- and aerogels. Iron oxide silica xerogels containing
iron oxide nanoparticles were synthesized by the sol–gel

method in view of the novel magnetic, optical and chemical
properties of these materials.7–10 To the best of our our know-
ledge, all iron oxide-containing aerogels reported so far were
dried at high temperature, which readily induces segregation of
the mixed oxide constituents. Syntheses of Fe2O3–Al2O3

11,12

and Fe2O3–SiO2 high temperature aerogels12–14 have been
reported. Wang and Willey15 synthesized high temperature
Fe2O3–SiO2 aerogels for the oxidation of methanol. Willey and
co-workers prepared iron oxide–chromia–alumina high tem-
perature aerogels,16 as well as magnesium oxide–iron oxide
spinel aerogels17 for the selective catalytic reduction of NO
by ammonia. The catalytic potential of iron–silicon oxide
materials, most prominently represented by the family of
Fe–silicalites, has been investigated for a variety of catalytic
reactions, ranging from petrochemical18 to environmental cata-
lysis, such as selective catalytic reduction (SCR) of NOx by
ammonia,19–21 SCR by hydrocarbons22–25 and N2O decom-
position.26,27

Characterization of the iron-containing zeolites and iron
oxide–silica mixed oxides is complex due to the many possible
states of the Fe31 ion, ranging from tetrahedrally or distorted
tetrahedrally coordinated Fe31 incorporated in the framework
over binuclear iron complexes28 to octahedrally coordinated
iron ions in iron oxide particles.24,29–32 Due to the wide variety
of possible iron species found for ferrisilicalites, the result of a
single characterization method may be ambiguous.29,33 We
applied therefore a series of different characterization methods.

In the following, we report the synthesis of high surface area,
mesoporous iron–silicon mixed oxide aerogels suitable for
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catalytic applications. In doing so, we examined the effects of
changing sol–gel parameters, such as base used as gelation
agent, concentration of iron precursor, and type of silicon
precursor, on the structural and chemical properties of the
aerogels. In addition, the effect of heat treatment on the final
aerogel characteristics was investigated. From the results, it
emerges that the properties of the iron–silicon mixed oxides are
strongly dependent on the choice of preparation conditions.
Iron dispersion is particularly sensitive to the iron content and
the temperature treatment, whereas the acidic properties are
greatly influenced by the type of base used as the gelation agent.

2 Experimental

2.1 Preparation of aerogels

Iron–silicon mixed oxide aerogels were prepared by the
solution-sol–gel (SSG) route applying different conditions.
Tetramethoxysilicon(IV) (TMOS; Fluka, puriss.) and tetra-
ethoxysilicon(IV) (TEOS; Fluka, puriss.), and Fe(NO3)3?9H2O
(Fluka, puriss.) were the precursors. Some synthesis para-
meters are summarized in Table 1. The aim of the synthesis was
to achieve highly disperse iron oxide–silica mixed oxides with
high surface area. The synthesis route described for the
preparation of high temperature Fe2O3–SiO2 aerogels from
Fe(acac)3 precursor12,14,15,34 was not successful. During low
temperature drying, the iron precursor was extracted with the
alcohol, since Fe(acac)3 was not hydrolyzed in dilute acid
media.35

The precursor chosen here was therefore iron(III) nitrate. The
31 oxidation state of iron is stable in solution in the presence of
oxygen donating ligands.35 In order to adjust the different
hydrolysis rates of the iron and silicon precursors, TEOS was
prehydrolyzed. Solvated Fe31 ions were reported to form
stable complexes with monomeric and low polymerized
silica.36 As intensively studied for single oxide sols, pH and
water content strongly influence stiffness, morphology and the
chemical properties of the final product.3 Base type, base and
water concentration, iron concentration and silicon precursor
were varied in order to avoid precipitation of the sol and to
reach the gel point within a reasonable period of time.

The sol was prepared as follows: 34.4 g tetramethoxy-
silicon(IV) (TMOS; Fluka, puriss.) was dissolved in 20 ml
methanol (MeOH; Fluka, puriss.). For the hydrolysant, nitric
acid (HNO3, 65%, Merck, p.a.) and bidistilled water were
mixed in the molar ratio H2O : H1 ~ 4 : 0.01, and 16.60 g was
dissolved in 10 ml MeOH. The hydrolysant was then added to
the TMOS solution via a dropping funnel for 30 min under
vigorous stirring, resulting in a molar ratio H2O : H1 : TMOS
of 4 : 0.01 : 1. The temperature of the clear solution increased to
about 50 uC. After 30 min, the solution was cooled down and

20 ml MeOH were added. In a baker, 7.75 g Fe(NO3)3?9H2O
(Fluka, puriss.) was dissolved in 30 ml MeOH. The solution
was added to the prehydrolyzed silicon precursor. The yellow–
orange clear sol was aged for 40 h. For gelation, different
nitrogen-containing bases were used. The acronyms for the gels
are chosen according to their preparation procedures. The first
numeral refers to the nominal Fe2O3 content in wt%, based
on the theoretical system Fe2O3–SiO2 (10 wt% ‘‘Fe2O3’ ~
7.0 wt% Fe ~ 2.6 at% Fe). Since most gels were prepared with
a nominal composition of 10 wt% Fe2O3/90 wt% SiO2 the iron
content of these samples is omitted in the corresponding
acronym. The subsequent capital letters describe the sol–gel
route applied: first, the silicon precursor is given, M (E)
indicating that tetramethoxysilicon (tetraethoxysilicon) was
used. Then, the gelation agent is represented by two to four
letters, as detailed in the following paragraphs. In the following
brief descriptions of the different preparations are given and
some synthesis parameters are listed in Table 1.

M/NN: 24 ml N,N-diethylaniline (Fluka, puriss.) was
dissolved in 72 ml MeOH. The solution was added to the sol
over the course of 2 h. After one more hour, a yellow–brown
transparent gel was formed.

M/Tri: 18 ml trihexylamine (Fluka, purum w 99%) in 54 ml
MeOH was added to the sol over the course of 1.5 h.
Flocculation and re-dissolution was observed and a transpar-
ent gold–brown gel formed after 5 days.

M/NC: 6 g ammonium carbonate [(NH4)2CO3, Semadeni]
was dissolved in 36 ml bidistilled water before 150 ml MeOH
was added. Again, the solution was dropped into the sol over
the course of 2 h and a yellow–brown turbid gel immediately
formed.

M/NCf (f ~ fast): analogously to sample M/NC, an
ammonium carbonate–water–ethanol solution was used for
gelation, which was added to the sol within 5 minutes.
Immediately, a voluminous, white and beige, turbid gel formed.

M/NH3: 2 ml of an aqueous ammonia solution (NH4OH, ca.
25 wt% in water, Fluka, puriss.) was dissolved in 98 ml
MeOH. The solution was added to the sol over the course of
1 h. The same procedure was repeated after 24 h and 48 h. The
sol turned to a bright yellow soft gel after 2 days.

Md/NN (d ~ diluted): the amount of alcohol in the
hydrolysis step was increased by a factor of two with respect to
M/NN. 34.4 g TMOS was dissolved in 40 ml MeOH and the
hydrolysant in 20 ml MeOH. Hydrolysis was carried out as
described above. No alcohol was added after the hydrolysis
step. The same gelation procedure as for M/NN was applied.
Analogously to Md/NN with 10 wt% Fe2O3, gels with 5 wt%
and 20 wt% Fe2O3 nominal content were prepared (5/Md/NN,
20/Md/NN). A pure silica gel (0/Md/NN) was also synthesized,
in the course of which gelation occurred after addition of 70%
of the basic solution.

Table 1 Parameters for the sol–gel synthesis of the iron–silicon mixed oxide aerogels

Aerogela Silicon precursor Base Base/mol Basic solutionb/ml
Gelation time after start
of base addition

M/NN TMOS N,N-Diethylaniline 0.15 96 3 h
Md/NNc TMOS N,N-Diethylaniline 0.15 96 8 h
5/Md/NN TMOS N,N-Diethylaniline 0.15 96 7 h
20/Md/NN TMOS N,N-Diethylaniline 0.15 96 2.5 h
0/Md/NN TMOS N,N-Diethylaniline 0.10 69 1.5 h
M/Tri TMOS Trihexylamine 0.05 72 5 d
M/NC TMOS (NH4)2CO3, 14 wt% in H2O 0.06 186 2 h
M/NCfd TMOS (NH4)2CO3, 14 wt% in H2O 0.06 186 5 min
M/NH3 TMOS NH4OH, 25 wt% in H2O 0.04 300 5 d
E/NH3 TEOS NH4OH 0.04 66 2 h
E/NH3d TEOS NH4OH 0.04 156 2 d
aAerogel labelling is explained in the text. bThe total volume of the basic solution, composed of the base, the alcohol, and water in some cases.
cd stands for diluted, as more alcohol for the hydrolysis of the silicon alkoxide was used. df stands for fast and refers to the speed of addition
of the basic solution.

620 J. Mater. Chem., 2002, 12, 619–630



Gels based on tetraethoxysilicon(IV) (TEOS; Fluka, puriss.)
were prepared by acid hydrolysis analogously to the TMOS-
based materials. Gelation was forced by ammonia solutions,
with higher ammonia concentration than in the corresponding
M/NH3 gel. Ammonia solutions with the same concentration
resulted in precipitation of a TMOS-based sol, whereas a gel
was obtained for the TEOS-based sol.

E/NH3: for gelation, 6 ml of an aqueous ammonia solution
(NH4OH, 25 wt% in water, Fluka, puriss.) was dissolved in
60 ml EtOH. The solution was added to the sol over the course
of 2 h. A brown gel formed immediately.

E/NH3d (d ~ diluted): 6 ml 25% NH3/H2O was dissolved in
150 ml EtOH and added to the sol over the course of 2 h. After
2 days, a brown gel was formed.

Supercritical drying. Before drying, all gels were aged for 36–
42 h under nitrogen at room temperature. For extraction with
supercritical CO2, the gels were transferred into a 2 dm3

autoclave and covered with 90 ml of MeOH. Within 1 h and at
a temperature of 313 K, the autoclave was pressurized with
CO2 to 22 MPa and the liquid–gas separator to 1 MPa, which
required 2.1 kg of CO2. The solvent of the solution–sol–gel
(SSG) product was semicontinuously extracted for 6 h by a
CO2 flow of 20 g min21. Finally, the CO2 was isothermally
released at a rate of ca. 20 g min21.

Calcination procedure. 3 g of the raw aerogel powder was
calcined in a tubular reactor with upward flow. The reported
temperatures correspond to the oven temperatures. To remove
part of the organic residues prior to calcination, all aerogel
samples were heated in a nitrogen flow of 0.5 dm3 min21 at a
rate of 5 uC min21 to 200 uC and held at this temperature for
1 h. After cooling to ca. 80 uC, they were heated at 5 uC min21

in air flowing at 0.5 dm3 min21 first to 200 uC and held for 2 h,
then to 600 uC and held for 3 h.

Analogously to the calcination procedure described above,
portions of Md/NN and 0/Md/NN were calcined at 900 uC for
1 h (Md/NN900 and 0/Md/NN900).

2.2 Physicochemical characterization

Atomic absorption spectroscopy (AAS). In order to determine
the iron content of the calcined samples, 60 mg dry aerogel was
dissolved in 200 ml hydrofluoric acid (HF, 40% in water, Fluka,
99.5%). The superfluous fluoride ions were neutralized with
boric acid. The probe solution was diluted with bidistilled
water and HCl to a stable solution of the iron ions with 90 ppm
Fe and 0.1 mol kg21 HCl, and analyzed on a VARIAN
SpektrAA-10 atomic absorption spectrometer by comparison
with standard solutions.

C, H, N analysis. Total carbon, hydrogen and nitrogen
contents of the samples treated at 200 uC in air and after
calcination at 600 uC were determined with a LECO CHN-900
elemental microanalysis apparatus.

Nitrogen physisorption. Prior to measurement, the samples
were degassed to 0.1 Pa at 100 uC. Textural properties were
determined by nitrogen physisorption at 2196 uC using a
Micromeritics ASAP 2000 instrument. The specific surface area
(SBET) was calculated in the relative pressure range 0.01–0.15,
assuming a cross-sectional area of 0.162 nm2 for the nitrogen
molecule. The estimated C values were in the range 170–270 for
the samples calcined at 600 and 900 uC, and about 120 for the
samples treated at 200 uC. The specific desorption pore volume
was assessed by the Barrett–Joyner–Halenda (BJH) method,
which is assumed to cover the cumulative adsorption pore
volume of pores in the maximum diameter range 1.7–300 nm.
The assessment of microporosity was made from the t-plot
constructions (0.5 v t v 0.7), using the Harkins–Jura
correlation.

X-Ray diffraction (XRD). XRD measurements were per-
formed on a Siemens D5000 powder X-ray diffractometer. The

diffractograms were recorded with Cu-Ka radiation over the
2H range 15–65u and a position-sensitive detector with Ni filter.

UV-Vis spectroscopy: A Perkin-Elmer Lambda 16 spectro-
photometer equipped with a 76 mm integrating sphere using
BaSO4 (Fluka; purum p.a.) as reference was applied to record
the UV-Vis diffuse reflectance spectra of powder samples under
ambient conditions. For measurements over the range 200–
700 nm, the calcined aerogel powder was diluted (10 wt% in
BaSO4).

IR-spectroscopy. IR spectra were recorded on a Bruker IFS-
66/S spectrometer at 4 cm21 resolution. 1–2 mg samples were
mixed with 100 mg KBr and spectra were measured under
ambient conditions.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). DRIFT spectra were recorded on a Perkin Elmer
System 2000 FTIR instrument with a diffuse reflectance cell
and a controlled environmental chamber (both Spectra-Tech)
equipped with CaF2 windows. The sample was mounted on a
ceramic frit (Al2O3), and heated in a dried synthetic air stream
(Pangas, 20% O2 purity 99.5%, 80% N2 purity 99.995%) to
300 uC for 1 h and spectra were recorded by accumulating 50
scans at a resolution of 4 cm21. The spectra in the reflection
mode were transformed to the Kubelka–Munk function and
normalized to the Si–O overtone vibration at 1848 cm21.37

Temperature programmed reduction (TPR). The apparatus
used for TPR measurements has been described elsewhere.38

An amount of sample corresponding to 0.2 mmol Fe was used
for every analysis, taking into account the water content. The
measurements were carried out using 5% hydrogen in argon as
reducing gas and a flow-rate of 75 ml min21. Samples were
pretreated in air at 550 uC for 30 min. The temperature during
reduction was ramped from 25 to 1100 uC at 5 uC min21.

X-Ray photoelectron spectroscopy (XPS). XPS analysis was
performed in a Leybold LHS 11 instrument. Mg-Ka radiation
(240 W) was used to excite photoelectrons, which were detected
with the analyzer operated at 31 eV constant pass energy,
resulting in a line width of 0.9 eV (FWHM) for the Ag3d5/2 line.
The energy scale of the spectrometer was calibrated versus
the Au4f7/2, Ag3d5/2 and Cu2p3/2 lines of 84.2, 367.9 and
932.4 eV. Correction of the energy shift, due to steady-state
charging was accomplished by taking the C1s line from
adsorbed hydrocarbons at 285.0 eV as an internal standard.
Empirically derived atomic sensitivity factors were used for
quantification.39

Electron microscopy. For transmission electron microscopy
(TEM), the calcined and ground aerogel was deposited on a
holey carbon foil supported by a copper grid. The Phillips
CM30 microscope, operated at 300 kV, was equipped with a
supertwin lens (cs ~ 1.2 mm, point resolution v 0.2 nm).
Scanning electron microscopy (SEM) was performed on a
Hitachi S-900, operated at V ~ 15 kV. Samples were prepared
as for the TEM measurements.

Continuous wave electron paramagnetic resonance spectro-
scopy (EPR). The X-band spectra were recorded on a Bruker
ESP 300 spectrometer (microwave frequency 9.43 GHz),
equipped with a ER4131 VT digital temperature control
system making use of gaseous nitrogen as the coolant. All
spectra were measured at room temperature and at 2137 uC.
A microwave power of 20 mW, a modulation amplitude of
0.5 mT and a modulation frequency of 100 kHz were used.
Some samples were evacuated before analysis to 10 mbar and
0.01 mbar, respectively, for 4 h or to 1026 mbar for 8 h.

3 Results

The main variables changed in the sol–gel synthesis were the
type of N-base used as gelation agent, the concentration of iron
precursor and the type of silicon precursor (see Table 1).
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3.1 Textural and structural properties

Table 2 lists the textural properties of all the aerogels. Pore size
distributions and t-plots of the aerogels are given in the ESI. In
general, the aerogels showed a type IV isotherm with a type H1
desorption hysteresis, according to IUPAC classification, and
mesoporosity with graphically determined maxima of the pore
size distribution in the range 20–50 nm. After calcination at
600 uC, the BET surface areas of the aerogels with 10wt%
Fe2O3 prepared from TMOS were found to lie in the range
300–480 m2 g21 and the pore volume amounted to 0.72–
1.56 cm3 g21. The aerogels derived from TEOS and ammonia
(E/NH3, E/NH3d) showed higher surface areas (around
630 m2 g21) and pore volumes of 1.73–2.05 cm3 g21. Among
the aerogels with 10 wt% Fe2O3 calcined at 600 uC, the pore size
distributions were narrowest for M/Tri and Md/NN; the higher
size limit was set at 40 and 50 nm, respectively, with a maxi-
mum of the distribution at about 20 nm. The aerogels prepared
using ammonium carbonate (M/NC) or ammonia (M/NH3,
E/NH3, E/NH3d) showed broader pore size distributions and
the presence of macropores. Microporosity, as determined by
the Harkins–Jura correlation, was more pronounced for the
aerogels Md/NN, M/NN, M/Tri, M/NC and M/NCf. On the
contrary, for the aerogels gelled by ammonia, the micropore
share was much lower, amounting only to 3.5% of the pore
volume and 25% of the surface area (Table 2). In general higher
surface area with higher mesoporosity was achieved with
aqueous ammonia as the gelation agent, whereas smaller
mesopores and micropores were characteristic for the aerogels
synthesized with N,N-diethylaniline and trihexylamine as
gelation agents. Aqueous ammonium carbonate solutions
gave a broad pore size distribution, ranging from micro- to
macropores. Fast addition of the base in M/NCf increased the
microporosity of the aerogel calcined at 600 uC. A more dilute
prehydrolysis solution in Md/NN resulted in a narrower pore
size distribution with smaller mesopores, up to 40 nm, and
decreased pore volume in comparison to M/NN.

X-Ray diffraction analysis showed that after calcination at
600 uC, all aerogels with 10 wt% Fe2O3 were amorphous,
irrespective of the sol–gel process applied. The absence of
crystalline domains was confirmed by transmission electron
microscopy combined with electron diffraction analysis. As
already indicated by the textural properties (Table 2), the
aerogels showed significant differences in morphology, which is
illustrated by the transmission (Fig. 1) and scanning (Fig. 2)
electron micrographs shown for samples M/NN and E/NH3.

Note the pronounced flaky morphology of E/NH3 compared to
the more dense structure of M/NN.

Calcination of Md/NN at 900 instead of 600 uC (Md/
NN900) led to shrinkage of the surface area at the expense of
micropores (Table 2), whereas the pore volume was hardly
influenced. The diffraction pattern of Md/NN900 showed a
broad reflection at about 35u (Fig. 3), probably due to the
formation of small c-Fe2O3 or Fe3O4 crystallites, not
distinguishable by XRD.

The iron content had a significant effect on the textural
properties of the aerogels. The isotherms of 0/Md/NN (silica
aerogel), 5/Md/NN and Md/NN showed type IV character with
type H1 desorption hystereses, according to IUPAC classifica-
tion. For 20/Md/NN, a type I isotherm with a type H4
hysteresis was observed, indicating the high microporosity of
the material, which was confirmed by t-plot analysis. With
increasing iron content, the BET surface area decreased from
740 (0/Md/NN) to 300–330 m2 g21 (Md/NN, 20/Md/NN;
Table 2) accompanied by a decrease in the pore volume, as also
shown in the pore size distribution plots (see ESI). The

Table 2 Textural properties and C and N content of iron–silicon mixed oxide aerogels

Aerogel Treatment in air/uC SBET/m2 g21 SMP
am2 g21 VP

b/cm3 g21 VMP
c/cm3 g21 dmax

d/nm C content/wt% N content/wt%

M/NN 200 192 0 1.29 0 52 15.2 1.9
600 310 155 1.10 0.07 40 0.1 0.1

Md/NN 200 159 0 0.78 0 30 15.9 2.5
600 300 166 0.72 0.07 23 0.1 0.1

Md/NN900 900 150 18 0.68 0.01 30 0.1 0.1
5/Md/NN 600 610 160 1.80 0.07 45 0.1 0.1
20/Md/NN 600 342 314 0.12 0.14 v 2 0.3 0.1
0/Md/NN 600 739 145 2.60 0.09 40 — —
M/Tri 200 176 0 0.74 0 27 15.5 2.1

600 335 138 0.72 0.05 20 0.1 0.1
M/NC 200 264 23 1.03 0.02 50 1.1 5.1

600 360 173 0.97 0.08 45 0.2 0.1
M/NCf 200 — — — — — 0.4 2.9

600 355 291 0.40 0.12 n. d. 0.3 0.1
M/NH3 200 428 0 1.52 0.01 41 1.3 5.4

600 480 128 1.56 0.05 43 0.1 0.1
E/NH3 600 636 174 1.73 0.08 38 0.2 0
E/NH3d 600 625 173 2.05 0.08 50 0.2 0
aSMP denotes the specific micropore surface area derived from t-plot analysis. bVP is the BJH cumulative desorption pore volume of pores in
the maximum diameter range 1.7–300 nm. cVMP denotes the specific micropore volume derived from t-plot analysis. ddmax is the graphically
assessed pore size maximum of the pore size distribution derived from the adsorption branch.

Fig. 1 Transmission electron micrographs of the aerogels M/NN (left)
and E/NH3 (right), calcined at 600 uC.
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maximum of the pore size distribution was around 40–45 nm
for both 0/Md/NN and 5/Md/NN, considerably higher than for
Md/NN (23 nm). XRD analysis of 20/Md/NN showed a
broadening of the amorphous silica signal at 30–38u, which
indicates the presence of small iron oxide clusters, analogously
to Md/NN900 (Fig. 3).

3.2 Chemical properties

Chemical properties were investigated using AAS, elemental
analysis, XPS, TPR, UV-Vis, EPR, transmission IR and
DRIFT spectroscopy. The results are presented focussing on
the effect of the N-base, iron content and calcination
temperature.

Composition. The iron oxide content, determined by AAS,
was 10 wt% for all aerogels with the nominal composition
10 wt% Fe2O3/SiO2. For 20/Md/NN the measured iron content
amounted to 17 wt% Fe2O3, instead of the nominal 20 wt%.
Possibly loss of some iron occurred during supercritical
extraction of the solvent. The nitrogen content of the aerogels
after extraction did not reflect the amount of base used during
the gelation step (Tables 1 and 2). However, a correlation
between the strength of the base and the nitrogen content after
extraction of the solvent seems to exist. For example, ammonia
(pKa ~ 9.25) is more strongly retained in the gel than N,N-
diethylaniline (pKa ~ 6.6),40 whose content in the gel was
about three times higher than that of ammonia. Besides
enclosure in the bulk of the network or in pores, coordination
to the surface seems to prevent ammonia from being extracted
from the gel. Moreover, the bulkiness of the base may play a
role in its ability to coordinate on the surface or in pores and
could explain the low nitrogen content of the M/Tri gel
(trihexylamine pKa ~ 8.53).41 Heat treatment at 200 uC
significantly lowered the nitrogen content for the aerogels with
the weak base N,N-diethylaniline and for M/NCf, whereas no
noticeable change was observed for the aerogels produced with
aqueous ammonia or trihexylamine and for M/NC. The use of
a weak base and application of fast gelation therefore favours
the desorption of the residues at low temperature.

After calcination in air at 600 uC, the aerogels showed
negligible amounts of carbon and nitrogen (0.1–0.3 wt%). The
elemental compositions of the surface regions were investigated
using XPS. The surface oxygen, iron, silicon and nitrogen
contents are listed in Table 3, together with the binding energy
(BE) of the Fe2p3/2 photoelectron measured for the calcined
samples. Binding energies between 712.1–712.3 eV were found.
The values were higher than the binding energies for bulk
a-Fe2O3 (710.5;42 710.9;43 711.2 eV44,45) and Fe3O4 (710.5;46

711.2 eV44). This may indicate a strong interaction between
iron and silica, in analogy with iron incorporated in Fe-ZSM-5
with a BE of 711.6 eV.47 Nitrogen was only found in traces on

Fig. 2 Scanning electron micrographs of the aerogels M/NN (top) and
E/NH3 (bottom), calcined at 600 uC.

Fig. 3 XRD patterns of Md/NN, calcined at 600 and 900 uC (Md/
NN900), and of 20/Md/NN.

Table 3 Binding energy (BE) and surface composition of the calcined aerogels and of the differently reduced M/NH3, as derived from XPS

Aerogel BE Fe2p3/2/eV O content/at% N content/at% Fe content/at% Si content/at% Fe/Sia

M/NN 712.1 66.3 0.1 1 31.1 0.032
Md/NN 712.3 61.6 y0 0.9 32.0 0.028
Md/NN900 712.3 65.8 0.2 1.1 32.1 0.035
5/Md/NN 712.2 67.4 0.3 0.6 30.8 0.018
20/Md/NN 712.4 66.3 0.1 2.3 29.5 0.078
M/Tri 712.3 64.4 0.1 1.1 30.2 0.036
M/NH3 712.1 67 0.1 1.1 29.9 0.033
M/NC 712.1 62.8 0.5 0.9 29.8 0.030
M/NCf 712.3 61.5 0.4 0.9 32.9 0.027
M/NH3, TPR 420 uCb 712.2 66.1 0 1.1 31.5 0.035
M/NH3, TPR 1100 uCb 706.5 63.7 0 1.1 34.0 0.032
E/NH3 712.1 64.2 0.1 0.9 31.2 0.029
E/NH3d 712.2 65.4 0.2 0.9 30.6 0.029
aExpected Fe/Si values from chemical composition: 5/Md/NN, 0.042; 20/Md/NN, 0.143; all other samples containing 10 wt% Fe2O3, 0.084.
bAfter TPR to temperatures specified.
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the surfaces, in accordance with the elemental analyses. Com-
parison of the surface Fe/Si ratios with the values expected
from the chemical composition revealed silicon enrichment in
the surface region of all aerogels. Surface Fe/Si ratios reached
only 30–50% of the theoretically expected values (Table 3).

Calcination at 900 uC (Md/NN900) increased the iron
surface content slightly. The Fe2p3/2 binding energy was
712.2–712.4 eV, independent of iron loading and calcination
temperature. With higher iron loading, a satellite peak 720 eV
increased in intensity. This satellite is characteristic for high
spin Fe(III) species,44,48 but seems to be independent of the type
of oxide.44

After reduction at 420 uC (TPR), M/NH3 did not show a
significant shift in the Fe2p3/2 binding energy. Likely, the
surface is easily re-oxidized in air, as indicated by the slight
darkening of the colour. After reduction at 1100 uC on the
other hand, the Fe2p3/2 binding energy corresponded to that of
metallic iron,43 in line with the results of the hydrogen
consumption measurements and reflections for metallic iron
detected by XRD.

Temperature programmed reduction. The TPR signals of

some calcined aerogels are shown in Fig. 4 (top), and
corresponding maximum temperatures of hydrogen consump-
tion are listed in Table 4. The reduction onset was at about
280 uC, 35 uC higher than for Fe3O4, and 115 uC higher than for
Fe2O3. The first maximum at about 385 uC was common to all
samples and the hydrogen consumption corresponded to a
change in the iron oxidation state of 0.8–1.1. Further reduction
of the iron proceeded only at very high temperatures, in
contrast to the pure Fe2O3 and Fe3O4 samples, where reduction
was complete at 580 and 590 uC, respectively (Fig. 4). The high
temperature reduction signals of M/NN, Md/NN and M/Tri
were characterized by one strong signal at 1008–1013 uC and a
small shoulder between 770 and 812 uC. For M/NC, M/NCf,
M/NH3, E/NH3 and E/NH3d, various reduction profiles were
observed. Besides the maximum at around 1013–1020 uC, one
or more signals at lower temperature appeared, which may
indicate less homogenous iron incorporation in the silica
matrix. After reduction up to 1100 uC, the samples were cry-
stalline and showed X-ray diffraction patterns of quartz
and Fe0.

A slight narrowing of the high temperature signal was
observed after calcination at 900 uC (compare Md/NN and
Md/NN900 in Fig. 4, bottom) and the maximum was shifted
from 1013 to 995 uC. The maximum of the first signal was
shifted from 373 to 384 uC. The hydrogen consumption of the
first and the second peak was similar for both samples
(Table 4). The low iron load sample 5/Md/NN showed a
broad signal at 389 uC, whereas further reduction only started
at 920 uC. The consumed hydrogen in the second step
corresponded to a change in oxidation state of 1.74, which
may indicate that not all the iron was completely reduced at
1100 uC. The high iron load aerogel 20/Md/NN showed an
intense reduction signal between 300 and 500 uC with an overall
change in the oxidation state of iron of 1.6. About 30% of the
iron is therefore already reduced completely at this tempera-
ture. Further reduction of the material started at 690 uC, at
lower temperature than for the other aerogels, but was not
complete at 1100 uC (Fig. 4 bottom, Table 4).

To sum up, TPR showed that the oxidation state of the iron
was mainly 31 for all aerogels after calcination. High
temperature (T w 700 uC) was necessary for complete
reduction. Higher iron loading (20/Md/NN) increased mark-
edly the fraction of iron reduced below 500uC, whereas this was
not the case for the sample calcined at high temperature (Md/
NN900). The samples prepared with aqueous ammonia and
ammonium carbonate solutions showed more complex reduc-
tion profiles, than the samples gelled with N,N-diethylaniline
and trihexylamine, likely due to the presence of different iron
oxide species.

Transmission IR-spectroscopy. Fig. 5 shows the IR spectra of
aerogels with 0, 5, 10 and 17 wt% Fe2O3 (0/Md/NN, 5/Md/NN,

Fig. 4 TPR curves of selected aerogels after calcination at 600 uC. Top:
aerogels prepared with different sol–gel conditions and the reference
oxides Fe2O3 and Fe3O4. Bottom: curves for the aerogels with different
iron loading or calcined at higher temperature.

Table 4 Characteristic TPR features of the aerogels. Temperatures refer to the maxima of hydrogen consumption. Results for bulk Fe2O3 and Fe3O4

are given for comparson

Aerogel 1. Max./uC 2. Max./uC 3. Max./uC 4. Max./uC DOxa (1. Max.) DOxa (overall)

M/NN 381 770 — 1008 1.0 3.0
Md/NN 373 812 — 1013 1.0 2.9
Md/NN900 384 837 — 995 0.9 2.8
5/Md/NN 389 — — 1068 0.9 2.6
20/Md/NN 394 690–1100 — — 1.6 3.0
M/Tri 380 798 — 1010 0.9 2.9
M/NC 386 816 907 1017 0.9 2.9
M/NCf 395 813 928 1015 1.1 3.1
M/NH3 378 697/803 — 1013 0.9 2.9
E/NH3 366/402 — 909 1020 1.3 3.0
E/NH3d 391 — 943 1020 1.2 2.9
Fe3O4 — 540 — — — 2.7
Fe2O3 351 507 — — — 3.0
aDOx: change in iron oxidation state as determined from H2 consumption.
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Md/NN, 20/Md/NN). With increasing iron content, the most
intense band at around 1090 cm21 broadened towards lower
energy. As a consequence the Si–OH stretching vibration at
958 cm21, which was clearly separated from the strong band at
1090 cm21 for the pure SiO2 aerogel 0Md/NN, became less
distinct. Also, the band at around 806 cm21 was slightly shifted
towards lower energy. Subtracting the spectrum of the pure
SiO2 aerogel from the Fe-containing aerogels resulted in a band
at 1012 cm21, as shown in the inset of Fig. 5 for Md/NN.

IR spectroscopy has been used in the past to characterize
Fe-silicalites29,49 and is a convenient tool to investigate incor-
poration of iron in the silica framework. Silicalites as well as
amorphous silica are characterized by bands in the 1300–1100
and 850–750 cm21 regions associated with the Si–O stretching
vibrations of the [SiO4] unit. Locally, this unit has Td

symmetry, giving rise to vibrations of T2 and A1 representa-
tions. The former vibrations are IR active and associated with
strong bands at 1300–1100 cm21 (antisymmetric Si–O–Si
vibrations). The latter give rise to weaker bands in the 850–
750 cm21 region (symmetric Si–O–Si vibrations). Incorpora-
tion of the heavy iron ion in the framework leads to a lowering
of the local symmetry of the nearest neighbor [SiO4] units to
C3v (O3Si–O). This gives rise to a band at around 1010 cm21,
i.e. at lower energy than the corresponding undisturbed [SiO4]
vibration.3,29

The described spectral features, based on the above dis-
cussion, indicate incorporation of iron into the SiO2 frame-
work. Also, the series shown in Fig. 5 suggests that the amount
of incorporated iron increases with the nominal iron content.
Among the different aerogels with 10% Fe2O3 content, the
spectra showed no significant differences (not shown).

UV-Visible spectroscopy. Fig. 6 (bottom) shows the diffuse
reflectance UV-Vis spectra of M/NH3, E/NH3, M/Tri, M/NN
and Md/NN aerogels, diluted in BaSO4, recorded under
ambient conditions. The dominant charge transfer (CT) band
around 255 nm is composed of several transitions between 220
and 300 nm, as becomes evident from the derivative spectra
(not shown). Spin forbidden d–d transitions at higher wave-
lengths were partially masked by the long wavelength tail of the
CT transitions. The first derivative spectra (Fig. 6 inset) give
evidence of bands at around 350, 405 and 460–475 nm. Before
calcination, the d-d transitions were observed at about 350, 405
and 450–460 nm (inset, Fig. 7).

Determination of the coordination environment is not
unambiguous for d5 ions, as the Tanabe–Sugano diagram is
similar for tetrahedral and octahedral symmetry.29,50 However,
iron-modified molecular sieves and phosphates showed d–d
bands at 370–392, 408–425, 433–454 and 471–481 nm, which
were assigned to Fe31 in a tetrahedral environment, in

agreement with the solution spectra and EPR and EXAFS
measurements.18,29,33,50–52 Also, a band at 357 nm was reported
by Bordiga et al.29 for tetrahedral Fe31 in Fe-silicalite. Note
that d–d transitions for octahedral Fe31 are known to be about
one order of magnitude weaker than for tetrahedral coordina-
tion. For octahedral Fe31 in phosphate glasses,50,51 d–d bands
were observed at 415, 520 and 740 nm. Based on these reported
UV spectra for Fe31 in different environments, the d–d
transitions in the spectra of the calcined aerogels with 10 wt%
Fe2O3 (Fig. 6 bottom) and of the uncalcined aerogels (Fig. 7)
are assigned to tetrahedrally coordinated Fe31. This assign-
ment is also consistent with the observed low wavelength
CT transitions of the calcined aerogels between 220 and
250 nm.29,50,53–55 Comparison of the d–d band region in the
spectra of the 10 wt% Fe2O3 loaded aerogels before and after
calcination shows that the tetrahedrally coordinated Fe31

(or at least part of it) resists calcination up to 600 uC. On the
other hand, the CT bands markedly changed upon calcination
(Fig. 6 and 7). The raw aerogel contains organic material,

Fig. 5 IR transmission spectra of the pure silica aerogel (0/Md/NN)
and Md/NN aerogels with different iron content, calcined at 600 uC.
The inset shows the difference between the aerogel with 10% nominal

Fe2O3 and the silica aerogel.

Fig. 6 UV-Vis spectra of aerogels prepared with different sol–gel
conditions (bottom), calcined at 600 uC. Spectra of the aerogels with
increasing iron loading, as well as of Md/NN calcined at 900 uC (top).
Spectra were normalized to their maximum height for comparison. The
inset shows the first derivatives of the spectra in the region 300–600 nm.

Fig. 7 UV-Vis spectra of the raw aerogels and after calcination at
600 uC. The inset shows the first derivative of the spectra in the region
300–525 nm.
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which may be coordinated to the iron. Indeed, the type of
ligand was found to influence the CT spectra much more than
the ligand field spectra.50

The occurrence of high wavelength CT transitions is a strong
indication for iron oxide clusters. Octahedral Fe31 embedded
in corundum showed a CT band at 278 nm, whereas a band at
333 nm was reported for small iron oxide clusters.29,50 The
absorption maximum for small clusters is expected to shift
considerably with the size of the cluster due to quantum size
effects.56 Therefore, the presence of iron oxide nanoparticles is
indicated by the tail of the CT bands extending into the visible,
leading to a tan color for all calcined samples.

Fig. 6 (top) depicts the UV-Vis spectra of the aerogels with
different iron loading and calcination temperature (Md/
NN900). The absorption tail to longer wavelength, due to
the presence of iron oxide agglomerates, is more pronounced
with increasing iron content. Also the sample calcined at 900 uC
showed a pronounced absorption in this range, in agreement
with the XRD measurements (Fig. 3), which revealed the
presence of small iron oxide crystallites. For the low iron load
sample (5/Md/NN), the d–d bands due to tetrahedrally

coordinated Fe31 were clearly discernible, whereas for Md/
NN900 and 20/Md/NN, broad absorptions at about 370 and
510 nm dominated the spectrum (inset of Fig. 6, top). The latter
band is due to iron oxide agglomerates.29 The low wavelength
CT band was still pronounced in Md/NN900 indicating that
part of the iron is still in tetrahedral sites after calcination at
900 uC.

Continuous wave electron paramagnetic resonance spectro-
scopy. EPR was widely used in the past to investigate the
coordination of Fe31 in ferroaluminosilicates,30–33,55,57–60 Fe-
silicalites,29 Fe-aluminophosphates,61,62 Fe-mesoporous sili-
cas54 and Fe31 in glasses.51,63,64

Fig. 8 depicts the EPR spectra of the aerogels E/NH3,
M/NH3 and Md/NN, calcined at 600 uC, after evacuation to
0.01 mbar at room temperature. Table 5 lists the position and
also the widths of the main signals. Spectra recorded at room
temperature showed main features at g ~ 4.3 and 2.05. At low
field, a second component at about g ~ 7.0 occurred (Fig. 8),
which was most clearly discerned for Md/NN. The signal at 4.3
has been reported for both octahedrally and tetrahedrally
coordinated Fe31 with rhombic distortion of the site.29,33,51,55,65

The signals at lower field were assigned to less distorted iron
sites in tetrahedral coordination.29,33,61 The broad asymmetric
signal at 2.05 is composed of two components at about g ~
2.3–2.5 and 2.00.29,33,55,58,59 The signal at 2.3 has been assigned
quite unanimously to small iron oxide particles. It showed
increasing relative intensity in the series Md/NN v M/NH3 v

E/NH3. The signal at 2.00 can be assigned to Fe31 in a
symmetric environment (Th or Oh), which is consistent both
with framework and extraframework Fe31.33 Bordiga et al.29

assigned a signal at 2.0 to the framework iron brought into
perfect tetrahedral coordination by the adsorption of water.
Indeed, degassing led to a decrease of this band due to
dehydration, as demonstrated in Fig. 9. Therefore, we assign
part of the signal at 2.0 to framework Fe31 coordinated by
water in a asymmetrical tetrahedral environment, in agreement
with the UV-Vis results.

Upon cooling to 2137 uC (Fig. 8, bottom), an increase in the
low field signals relative to the signals between 2.4 and 2.0 was
observed. The signals due to isolated iron species at g ~ 2.0
may broaden, as some thermal movement is suppressed,
whereas mutual magnetic interaction of aggregated Fe31 leads
to a g-shift and line width increase of the signal at 2.3 upon
cooling.29,33,58 At 2137 uC, a strong signal at 6.4, associated
with iron in a distorted tetrahedral environment33,61 was
observed for Md/NN, together with a smaller one at 11.7.
Furthermore, the weak but sharp signal at g ~ 2.02 (DB ~
9 mT) observed at room temperature decreased upon cooling.
A signal at g ~ 2.0 with similar shape and behaviour upon
cooling due to superparamagnetic relaxation was also found by
Gazeau et al.66 and Wajnberg et al.67 for non-crystalline

Fig. 8 EPR spectra of aerogels E/NH3, M/NH3 and Md/NN calcined
at 600 uC, and evacuated to 0.01 mbar at RT. Measurements were
performed at RT and 2137 uC. Derivative spectra were normalized to
the maximal positive value. g values of the main signals are marked in
the plots.

Table 5 Positions and line widths (in parentheses) of the main EPR signals in the spectra measured at room temperature (RT) and 2137 uC (LT).
Line widths were computed as the difference between the maximum and minimum of the derivative spectra

Aerogel Pressure/mbar
g (DB/mT) low field,
RT

g (DB/mT) high field,
RT

g (DB/mT) low field,
LT

g (DB/mT) high field,
LT

Md/NN — 4.47 (20) 2.06 (82) 4.37 (18) 2.06 (93)
10 4.44 (18) 2.06 (83) 4.37 (17) 2.08 (88)
0.01 4.32 (10) 2.05 (87) 4.24 (12) 2.07 (95)

6.95 (19) 2.02 (9) 6.45 (19)
11.74 (12)

Md/NN900 0.01 — 2.007 (8.4) 4.29 (3) 2.005 (23)
5/Md/NN 0.01 4.30 (16) 2.10 (100) 4.27 (16) 2.10 (92)
20/Md/NN 0.01 — 2.007 (12) 4.31 (6) 2.005 (24)
M/NH3 0.01 4.32 (21) 2.06 (119) 4.25 (17) 2.04 (109)
E/NH3 — 4.42 (15) 2.04 (99) 4.37 (18) 2.06 (80)

10 4.39 (16) 2.03 (103) 4.35 (17) 2.07 (94)
0.01 4.29 (15) 2.04 (122) 4.23 (13) 2.05 (122)
1 6 1026 4.20 (14) 2.04 (138) 4.21 (13) 2.05 (122)
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maghemite and magnetite nanoparticles. Magnetic anisotropy
was likely due to a strong interaction with the support.
Ferromagnetic iron oxide particles with g ~ 2.00 were also
characterized by Bordiga et al.29 The signal at 2.02 for Md/NN
may therefore be assigned to an additional species; tiny,
magnetically anisotropic iron oxide (maghemite) clusters,
strongly interacting with the silica matrix.

Fig. 9 shows that degassing also leads to an increase in the
signals at g ~ 10–4.3 and a sharpening of the signal at g ~ 4.3
associated with distorted tetrahedral or rhombic sites. A
sharpening of the g ~ 4.3 signal and a broadening of the g ~ 2
signal is indeed predicted with increasing distortion of the
environment (increasing E/D) of framework iron,33,61 here
likely caused by dehydration. However, the formation of new
distorted Fe-O-Si sites upon dehydration of extraframework
iron hydroxide was suggested by Goldfarb et al.33 and cannot
be excluded.

EPR spectra of aerogels with different iron loading are
shown in Fig. 10. Changing the iron oxide content from 5 to
10 wt% Fe2O3 showed a clear increase of the signal associated
with the distorted tetrahedral sites at g ~ 6.4 in the spectra
measured at 2137uC. Increasing the calcination temperature
up to 900 uC led to a dramatic change in the spectra. The signal
at g ~ 2.02 increased and shifted to g ~ 2.007, maintaining the
same line width (DB ~ 8.4 mT) as in the spectrum measured at
room temperature. Also, a low field signal at g ~ 3.91 was
observed. Both peaks were reduced in intensity in the spectra
measured at 2137 uC and may be tentatively assigned to the
same superparamagnetic Fe–O–Fe species. In the sample with
17 wt% Fe2O3 (20/Md/NN), these signals were also detected.
Additionally, for this sample, a broad peak at about g ~ 2.3
due to iron oxide clusters was observed. A small signal at g ~
4.3 in the samples with 17 wt% Fe2O3 and that calcined at
900 uC indicated that some iron is still incorporated in the silica
matrix.

In conclusion, EPR clearly shows the existence of different
iron species. In addition to isolated, tetrahedrally coordinated
iron and iron oxide clusters, superparamagnetic iron oxide
clusters were observed. Their abundance increased with the
iron loading.

Hydroxyl groups studied by DRIFTS. DRIFT spectra of the
hydroxyl region of some of the mixed oxide aerogels, and of the
silica aerogel treated in situ at 300 uC are depicted in Fig. 11. At
this temperature, dehydration of a silica surface is supposed to
be complete, whereas dehydroxylation of the isolated hydro-
xyls does not occur.37 The aerogels showed distinctly different

spectra depending on the sol–gel method applied. In general,
the n(OH) vibrations were spread over a much broader
frequency range compared to the corresponding silica aerogel,
where the main vibration was that due to isolated Si–OH
groups at 3747 cm21. Only a few vicinal interacting silanols
were detected in the region 3730–3520 cm21 on the dehydrated
silica.37

Among the mixed oxide aerogels, the samples with the
highest amount of hydroxyls were those gelled by N,N-
diethylaniline, M/NN and Md/NN, followed by M/Tri,
M/NC, and M/NH3. E/NH3 and E/NH3d showed much less

Fig. 9 EPR spectra of the aerogels Md/NN (bottom) and E/NH3 (top),
calcined at 600 uC. Samples were evacuated to decreasing pressures,
marked in mbar in the plots. Measurements were performed at RT
(right) as well as 2137 uC (left). The inset shows the change in the peak
linewidth DH with evacuation for the measurements at RT (scalings are
different for the 4.4–4.3 and 2.06–2.04 lines).

Fig. 10 EPR spectra of the aerogels with increasing iron loading,
calcined at 600 uC, and Md/NN900 calcined at 900 uC. The derivative
spectra were normalized to the maximum positive values. Insets show
the magnified 50–200 mT region for Md/NN and Md/NN900. Asterisks
indicate gaseous O2 in low concentration.73

Fig. 11 DRIFT spectra of the calcined aerogels, dried in situ in air at
300 uC. Top: aerogels with different iron loading prepared with N,N-
diethylaniline as gelation agent. Bottom: aerogels containing 10%
nominal Fe2O3 prepared with different bases used as gelation agent. In
both figures, the spectrum of pure silica aerogel 0/Md/NN is given as a
reference.
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hydroxyl groups. Bordiga et al.29 as well as Datka and
Abramowicz68 studied the hydroxyl region of ferrisilicalites
under different conditions. Under heat treatment in vacuum at
300-400 uC, a sharp band at 3630 cm21 appeared, which was
assigned to bridged Fe(OH)Si in analogy to the more acidic
Al(OH)Si moiety. The band was less pronounced after
treatment in air. Similarly, we ascribe the broad band between
3700 and 3400 cm21 to Fe(OH)Si entities. The broadness of the
band indicates a large distribution of different Fe(OH)Si
groups. Also, internal H-bonded silanols (hydroxyl nests) were
reported to occur in the region 3660–3450 cm21,29,37 which
were found to disappear during treatment of amorphous silica
at temperature higher than 500 uC.37 We have shown else-
where69 that these hydroxyls exhibit Brønsted acidity upon
adsorption of ammonia. The amorphous character and the
high iron content of the aerogels is likely the reason for the
much broader inhomogeneous line widths of the Fe(OH)Si
band as compared to zeolites.

Fig. 11 (top) shows the DRIFT spectra of the aerogels with
different iron loading. The amount of acidic hydroxyl groups in
the region 3700–3400 cm21 increased in the series 5/Md/NN v

20/Md/NN v Md/NN. The aerogel 0/Md/NN is shown for
comparison. Md/NN900 should be compared with the corres-
ponding silica aerogel, 0/Md/NN900, as treatment at higher
temperature markedly reduced the overall amount of hydroxyl
groups due to irreversible dehydroxylation. The amount of
acidic hydroxyl groups on Md/NN900 was still remarkable
after high temperature treatment. A broad but distinct vibra-
tion at 3680 cm21 could be discerned, which occurs very close
to that found for Fe(OH)Si groups on ferrisilicalites.29,68

4 Discussion

The results presented here demonstrate that amorphous iron
oxide–silica aerogels with high surface area can be prepared by
the solution-sol–gel method. The properties of the aerogels,
particularly their texture and the state of the iron can be
influenced by the synthesis procedure. This seems particularly
attractive for their potential use as catalysts. In the following,
we focus on the influence of various synthesis parameters on
the properties of the aerogels. In particular we discuss the effect
of the N-base as gelling agent, the water content, the iron
content and the temperature treatment of the aerogel.

The aerogels calcined in air at 600 uC showed meso- to
micropores, depending on the sol–gel conditions applied. The
morphological properties were largely determined by the
gelation and ageing process, which are strongly influenced by
the base type and water content of the sol (Table 2). High water
content and basic conditions enhance the dissolution rate of the
polymerized silica. For aqueous solutions in the intermediate
pH range (3–8) the condensation rate was also reported to
increase. Phenomena like Ostwald ripening and coarsening lead
to stiffening of the gel and a decrease in the number of
micropores.3 Indeed, we observe high surface area and meso-
porosity for the aerogels gelled by aqueous ammonia solutions
(M/NH3, E/NH3, E/NH3d). This is also reflected by the flaky
morphology of aerogel E/NH3, as is obvious from the TEM
picture (Fig. 1). The amount of alcohol was higher for E/NH3d
than for E/NH3, and a broader pore size distribution was
observed. In M/NH3, the high dilution of the sol by alcohol
probably hindered the processes necessary for the formation of
a stiff gel, leading to lower surface area. In comparison to these
aerogels, those produced by the ammonium carbonate–water
solution (M/NC, M/NCf) showed lower pore volume and
mesoporosity. The gelation was forced by a solution with 6
times more water (H2O : Si ~ 12.8) and higher basicity. These
conditions are known to strongly enhance the dissolution rate
of the silica and to lead to the formation of compact particles.3

Gelation speed had a pronounced effect on the textural

properties. For the fast gelled M/NCf aerogel, the pore volume
of the calcined aerogel was half of the value obtained for
M/NC, gelled by slow base addition, and microporosity was
enhanced.

The silicon enrichment on the surface, as revealed by XPS
measurements, indicates that condensation involving iron is
faster than condensation of silica. It is known that Fe(OH)Si
groups are more acidic than silanol groups and that more
highly acidic OH accelerates the base-catalyzed condensation
of silica.3 Silica–iron complexes may therefore condense faster
than polymerized silica, hence leading to iron enrichment in the
core of the gel particles. The several characterisation methods
applied to the calcined aerogels clearly show the co-existence of
different iron species. Part of the iron is incorporated in the
SiO2 framework in tetrahedral environments, as shown by
UV-Vis, IR and EPR spectroscopy. EPR also shows the
presence of different tetrahedrally coordinated iron, ranging
from symmetric to distorted tetrahedral environments.
DRIFTS spectra additionally demonstrate the presence of
Fe(OH)Si groups on the aerogels, which are associated with
framework iron.29 On the other hand, amorphous iron oxide
clusters are present, as shown by UV-Vis and EPR, with
varying sizes, phases and magnetic properties. EPR shows the
existence of different iron oxide particles, characterized by
signals at g ~ 2.3 and 2.02 (superparamagnetic particles). NO
adsorption studies by DRIFTS further support the presence of
different low coordinated iron species, and these will be
presented elsewhere.69 NO bound to low coordinate iron could
be discerned parallel to a broad band due to NO on higher
coordinated iron species. These bands were associated with
iron incorporated in the amorphous SiO2 and with iron oxide
clusters, respectively.70 Finally, small iron oxide crystallites are
present in high iron content aerogels (17 wt% Fe2O3) and
aerogels calcined at high temperature (900 uC), as indicated by
XRD and confirmed by EPR.

All aerogels with 10 wt% Fe2O3, calcined at 600 uC, contain
iron incorporated in the framework and iron oxide clusters, as
determined by UV-Vis and EPR. However, the iron clusters or
agglomerates are very small, as demonstrated by electron
microscopy (TEM, SEM), and amorphous, since no indication
of long range order was found by the diffraction techniques
(XRD, selected area electron diffraction analysis). This claim is
furthermore supported by the homogeneous distribution of the
iron within the material, observed by energy dispersive X-ray
emission analysis (EDX). Strong interaction of all iron species
with the silica occurs, as TPR of the aerogels showed reduction
profiles completely different from those of Fe2O3 and Fe3O4,
and reduction to metallic iron only started above 700 uC.
Bordiga et al.,29 as well as Brabec et al.71 associated high
temperature reduction of Fe21 to iron incorporated in the
framework. However, iron oxide nanoclusters were also
reported to resist reduction up to 800 uC.24

As indicated by DRIFTS, the amount of Fe(OH)Si groups,
which determines the Brønsted acidity of the aerogels, is
strongly affected by the N-base. The aerogels prepared using
N,N-diethylaniline and trihexylamine showed considerably
more Fe(OH)Si groups than those prepared with ammonia
and ammonium carbonate. On the other hand, EPR showed a
larger signal associated with small iron oxide particles for the
samples prepared with ammonia (M/NH3, E/NH3) than for
that prepared with N,N-diethylaniline (Md/NN). Concomi-
tantly, the signals due to tetrahedrally coordinated iron were
more pronounced on the latter sample. This indicates that use
of aqueous ammonia or ammonium carbonate solution as the
gelation agent favours formation of small iron oxide particles,
whereas the use of N,N-diethylaniline and trihexylamine is
favourable for incorporation of the iron into the SiO2

framework of the aerogels. The speed with which the base
was added was observed to influence the textural properties of
the aerogel, whereas it probably does not strongly affect the
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coordination of the iron in the aerogel, as seen by comparing
the TPR and DRIFTS results for the M/NC and M/NCf.
Furthermore, the presence of low polymerized silica is
favourable to the incorporation of the iron in the framework,36

as more acidic Si–OH groups are present in polymers than in
monomers. Raman spectra (not shown) of the silica solutions
recorded prior to addition of the iron precursor showed that
weakly branched polymers had formed, associated with the
intense SiO4 stretching vibrations ascribed to linear Si(OH)n-
(OCH3)22n–O–Si and to Si(OH)–(O–Si)2 groups.3

High amounts of nitrogen were found to be present in the gel
after extraction of the solvent with supercritical CO2, due to the
presence of base. Strong coordination of the base to the iron
was proposed to explain the retention of the ammonia during
treatment in air at 200 uC. N,N-diethylaniline and trihexyl-
amine were more easily desorbed, probably as coordination to
iron is reduced by the lower basicity and the bulkiness of these
bases. The interaction of the iron with the base may be an
important factor for the stability of the state of the iron ion. As
described above, dissolution and recondensation occur in the
gels with high pH and water content. The iron incorporated in
the silica may be favourably redissolved if strong coordination
to the base or complexation is possible. Also, during calci-
nation this may help the extraction of the iron from framework
sites and thus favour the formation of iron oxide particles
under strongly oxidising conditions.

With increasing iron loading, both the surface area and the
pore volume decreased. For sample 20/Md/NN with 17 wt%
Fe2O3, XRD indicated formation of small iron oxide crystal-
lites. Also, based on the UV-Vis spectra, one can conclude that
the amount of iron present as iron oxide clusters, giving rise to
the absorption tail into the visible, increases with loading, most
significantly when going from 10 to 17% loading (Fig. 6). For
the highly loaded sample, EPR shows an intense signal at
g ~ 2.3, assigned to iron oxide particles. Additionally, the
formation of superparamagnetic particles of amorphous iron
oxide nanoclusters is found. During TPR, part of the iron was
completely reduced at low temperature (v 500 uC), whereas
about 70% of the iron was reduced above 700 uC, showing
strong interaction with the silica. This indicates that upon
increasing the loading to 17 wt% or above, the iron starts to
form larger iron oxide aggregates. This is also supported by the
relative surface iron content of the aerogels, as determined by
XPS, which was more than two times higher for 20/Md/NN
than for 10/Md/NN (Table 3). On the other hand, the infrared
spectra of the lattice vibrations (Fig. 5) show that incorpora-
tion of iron into the SiO2 framework increases with iron
loading. Also, NO adsorption studies69 and the DRIFT spectra
of the hydroxyl groups strongly indicate that part of the iron is
still incorporated in the silica for the highly loaded aerogel.
Comparing the samples with increasing iron content (5, 10,
17 wt% Fe2O3), it becomes evident that the aerogel with 10 wt%
contains the highest amount of incorporated iron ions. This is
also consistent with the EPR data, which show a clear increase
in the tetrahedral sites between 5 and 10% loading and
significantly more iron within iron oxide clusters for the sample
with 17% loading as compared to the lower iron load samples.
Concomitantly, a decrease in surface area and mesoporosity is
observed in the series 0/Md/NN w 5/Md/NN w 10/Md/NN w

20/Md/NN. It can therefore be concluded that the ratio of iron
incorporated in the SiO2 framework to that within clusters
decreases with increasing loading, most significantly above
10%.

It is known that calcination favours migration of framework
iron to extraframework sites.29 For Fe-silicalites, Bordiga
et al.29 concluded that part (about 20%) of the iron moves from
framework to extraframework sites during calcination at
500 uC, whereas after calcination at 700 uC, this process was
almost complete. The results presented here show that after
calcination of the aerogels at 600 uC, part of the iron is still

incorporated within the framework. However, calcination at
900 uC had a significant effect on the aerogel’s properties. First
of all, high temperature calcination led to a significant decrease
in surface area. In particular, the contribution of the
micropores decreased dramatically. This was accompanied by
the appearance of a weak reflection in the X-ray diffraction
pattern due to c-Fe2O3 or Fe3O4 crystallites. In several studies,
the formation of c-Fe2O3 was reported for Fe2O3–SiO2

xerogels.7–10,72 Also, UV-Vis showed an increase in the signals
due to iron oxide clusters or aggregates upon high temperature
calcination, whereas the amount of Fe(OH)Si groups, as
determined by DRIFTS, decreased significantly. Migration of
framework iron to extraframework sites is supported by the
increase of the surface iron content after high temperature
calcination, as determined by XPS. Interestingly, calcination at
high temperature led to a strong signal in the EPR spectra,
assigned to superparamagnetic iron oxide nanoclusters,
observed to some extent also in 20/Md/NN. Formation of
superparamagnetic particles in iron oxide–silica mixed oxides
was also reported by Cannas et al.7

5 Conclusions

Iron–silicon mixed oxide aerogels with properties suitable for
use in catalysis have been synthesized using a sol–gel process
combined with subsequent supercritical extraction. Major sol–
gel parameters varied were: type of N-base used as gelation
agent, concentration of iron precursor, and water content. All
synthesized aerogels were mostly amorphous with prominent
mesoporosity. The iron content and calcination temperature
were identified as important parameters for iron dispersion.
UV-Vis and EPR spectroscopy revealed that the aerogels
contained different iron species, ranging from tetrahedrally
coordinated iron atoms incorporated in the silica matrix to iron
oxide nanoclusters. The reduction behaviour of these species is
strongly different, as indicated by their corresponding reduc-
tion profiles. High iron concentration and high calcination
temperature favour the formation of iron oxide nanoclusters.
The type of N-base used as the gelation agent mainly affects the
Brønsted acidity and the textural properties of the resulting
aerogels. Textural properties are also affected by the water
content of the gel. The novel iron oxide–silica aerogels show
interesting potential as catalysts for environmentally important
reactions, as reported elsewhere.69
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