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Abstract. Nanosized iron oxide, a moderately large band-gap semiconductor and an
essential component of optoelectrical and magnetic devices, has been prepared successfully inside the restricted internal pores of mesoporous silica material through in-situ
reduction during impregnation. The samples were characterized by powder XRD, TEM,
SEM/EDS, N2 adsorption, FT-IR and UV–visible spectroscopies. Characterization data
indicated well-dispersed isolated nanoclusters of (Fe2 O3 )n , within the internal surface of
2D-hexagonal mesoporous silica structure. No occluded Fe/Fe2 O3 crystallites were observed at the external surface of the mesoporous silica nanocomposites. Inorganic mesoporous host, such as hydrophilic silica in the pore walls, directs a physical constraint
necessary to prevent the creation of large Fe2 O3 agglomerates and enables the formation
of nanosized Fe2 O3 particles inside the mesopore.
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1. Introduction
Developments in the field of uniform nanometer sized particles have been studied
extensively in recent times because of their technological and fundamental scientific importance [1]. These nanomaterials exhibit very interesting electrical, optical, magnetic, chemical and related surface properties, which is entirely different
[2] from the respective bulk materials. The fabrication of low valent iron nanoparticles is also very important for their potential applications in wastewater cleanup
process [3]. Such magnetic nanomaterials could also find applications in refrigeration systems, medical imaging, drug targeting and other biological applications [4]
and catalysis [5]. The syntheses of several uniform-sized magnetic metal nanoparticles as well as metal oxides have been reported [6]. Mesoporous silica [7] with
ordered or disordered channel structures which possesses uniform mesopores and
exceptionally high surface area and thermal stability could be an ideal host for the
synthesis of such nanostructured materials. High silanol density at the surface of
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these materials helps to anchor the inorganic metal oxide/phosphate to be selectively deposited on its surface [8]. However, relatively little work has been done on
the fabrication of magnetic metal oxide nanoparticles [9] and controlling their size
using a rigid host [10–15]. On the other hand, many magnetic oxide nanoparticles
have been synthesized in recent times by using microemulsion and other methods
[16]. CdS nanoparticles prepared in reverse micellar system was incorporated into
thiol-modified MCM-41 and the resulting CdS-FM41 composite showed photocatalytic activity for H2 generation from water [17]. However, particle size uniformity
of these nanomaterials is comparatively poor. Here we report the synthesis of nanosized particles of iron oxide through in-situ reduction using dispersed fine particles
of MCM-41 in a homogeneous aqueous solution of iron (III) chloride. Magnesium
powder was used as reducing agent under constant stirring at room temperature to
complete the impregnation process.
2. Experimental
Highly ordered 2D hexagonal mesoporous pure silica MCM-41 was used as host
in this post-synthesis impregnation method. Tetraethylorthosilicate (TEOS, EMerck) was used as the silica source for the synthesis of silicious MCM-41. Cationic
surfactant octadecyltrimethylammonium bromide (ODTMAB, TCI) was used as
structure directing agent and NaOH (Loba Chemie) was used to maintain the pH
of the medium. For the synthesis of 2D-hexagonal mesoporous MCM-41 material,
TEOS was allowed to homogenize with an aqueous solution of ODTMAB. The
aqueous solution of ODTMAB was prepared by dissolving it in deionized water.
Then aqueous NaOH solution was added to it until pH rose to ca. 10. The final
mixture was vigorously stirred for 1 h and then autoclaved at 353 K for two days.
The molar ratio of various constituents of the hydrothermal gel was
SiO2 : ODTMAB : NaOH : H2 O = 1 : 0.5 : 0.5 : 90.
After the hydrothermal treatment the solid products were filtered, washed with
water and dried in air. Then it was calcined at 823 K to remove the template
ODTMAB. This mesoporous support material (sample 1) with uniform nanopore
opening was then dispersed in a homogeneous aqueous solution of iron (III) chloride. This was followed by the addition of magnesium powder to the mixture under
constant stirring at room temperature. This mixture was aged under stirring condition for 2 h at room temperature. Three different iron-loaded samples were prepared in this Mg reduction method using 0.5, 0.8 and 1 M aqueous FeCl3 solutions.
These samples were designated as 2, 3 and 4 respectively. We have carried out
other synthesis techniques for the preparation of iron oxide nanocomposites using
impregnation of iron complexes of oxalic acid and acetyl acetone in mesoporous
silica. However, loading of iron observed was very poor when compared to samples 2–4. Reference iron oxide samples were prepared following standard literature
procedure [18]. Powder X-ray diffraction patterns of different as-synthesized and
calcined samples were obtained with a Seifert XRD 3000P diffractometer using Cu
Kα (λ = 1.5404 Å) radiation. For transmission electron microscopy measurement
Hitachi H-9000NA instrument operating at 300 kV was used. N2 adsorption measurements were carried out using a BELSORP 28SA at 77 K. Prior to N2 adsorption,
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samples were degassed for 2 h at 323 K. UV–visible diffuse reflectance spectrum
was recorded in a Shimadzu UV 2401PC using BaSO4 as background standard.
FT-IR spectra of different samples were recorded in a Nicolet MAGNA-IR 750
Spectrometer Series II. Philips Xl-30/FEG, XL-serial scanning electron microscope
with an EDS (New XL-30) attachment was used for the determination of morphology and surface chemical composition. Bulk chemical analyses of various samples
were performed using a Perkin-Elmer AAS 3310 atomic absorption spectroscopy.
3. Results and discussion
We have prepared the iron oxide loaded MCM-41, optimized its iron-loading keeping
the mesophase unperturbed and identified the nature of iron oxide species present in
these mesoporous material. Physico-chemical properties of various iron oxide/silica
nanocomposites synthesized in this study are given in table 1. Chemical analysis
of these composite materials after calcination revealed the absence of any organic
impurities. Iron loading on various mesoporous samples are given in table 1. Beyond 3% loading limit of iron resulted in disordered porous structures (sample 4,
1 M FeCl3 solution was used in the reduction reaction). Typical XRD pattern of
the pure mesoporous MCM-41 host (sample 1) is shown in figure 1, curve a. The
other three curves b, c and d of figure 1 correspond to samples 2, 3 and 4, respectively, with 2.7 and 2.95 and 3.4 wt% iron-loaded MCM-41. As seen from figure
1, XRD patterns before and after the iron loading indicated progressive decrease
in the ordering of mesostructures with the increase in strength of FeCl3 solutions.
Partial decrease in ordering could be attributed to the Mg/FeCl3 treatment under aqueous acidic condition. High angle reflections observed for sample 2 (inset
of figure 1) matches well with the crystalline α-Fe2 O3 phase [19] together with
the contribution due to the presence of amorphous silica (mostly in low 2θ diffraction angles). In figure 2 the TEM image of the sample after impregnation is
shown. The existence of hexagonal arrangement of uniform mesopores is very clear.
Change in contrast between the inorganic pore wall and iron oxide inside the channel
may be an indication of the presence of iron oxide particles inside the mesoporous
channels in the form of clusters. Uniform morphology of the composite material
was observed throughout the grid. No agglomerated iron oxide species was observed independently, suggesting that the impregnation occurred mostly inside the
mesopores. Noticeable high angle reflections (shown in the inset of figure 1 for
Table 1. Physico-chemical characterization of iron-loaded mesoporous silica.

No.
1
2
3
4
1 Wt%

Fe loading1

BET surface area
(m2 g−1 )

Pore diameter
(Å)

Pore volume
(cc g−1 )

–
2.70
2.95
3.40

1080
567
512
376

39.2
32.1
32.5
35.6

0.84
0.53
0.42
0.21

of iron in the composite material.
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Figure 1. XRD patterns of mesoporous support MCM-41 (curve a, sample
1) before iron loading and Fe2 O3 embedded mesoporous silica samples 2 (curve
b, 0.5 M FeCl3 ), 3 (curve c, 0.8 M FeCl3 ) and 4 (curve d, 1 M 0.5 M FeCl3 ).
High angle diffraction pattern of sample 2 is shown in the inset.

sample 2) in the XRD patterns of these iron-loaded samples suggested the presence
of nanoclustered α-Fe2 O3 [9] inside the 2D hexagonal mesopore. Sample 4 with
highest iron loading showed poorly ordered diffraction peak (curve d in figure 1).
In figure 3, N2 adsorption/desorption isotherms for iron-loaded mesoporous silica
(sample 2, curve a) as well as mesoporous silica host (sample 1, curve b) are shown.
Pore size distributions for these samples are shown in the inset. Isotherms, as
shown in figure 3 were type IV [7,20] in nature. As shown in figure 3, pore size
distribution which was quite narrow before iron loading, becomes quite broad with a
considerable reduction of pore diameter for sample 2. For other samples also similar
decrease in pore diameter, pore volume and surface area was observed (table 1).
Average pore diameter for this iron-loaded mesoporous silica sample employing
BJH model was 2.6–3.2 nm [7,20]. The BET surface areas of samples 2 and 3 were
moderate considering moderate concentration of iron and impregnation condition.
These data are due to the reduction of mesopore diameter and BET surface area
after the impregnation of iron oxide nanoparticles suggested the deposition of iron
oxide clusters inside mesopores. Pore diameter and d spacing measured from TEM
image analysis agreed well with these experimental data obtained from XRD and
N2 sorption.
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Figure 2. TEM image of Fe2 O3 nanoparticles in the mesoporous silica (sample 2).

In figure 4, UV–visible diffuse reflectance spectrum of iron-loaded mesoporous
silica (curve b, sample 2, representative) is shown. Samples 3 and 4 also showed
almost similar behavior. Corresponding spectrum for bulk Fe2 O3 is given in curve
c for comparison. This bulk α-Fe2 O3 showed a broad adsorption band in 320–
670 nm wavelength with absorption maxima at 500 nm. The UV–visible spectra
of the mesoporous ferrisilicate materials showed a very strong absorption band in
the 200–330 nm wavelength with maxima at ca. 219 and 255 nm (figure 4a, [8]).
This high-energy absorption band associated with ligand to metal charge transfer (LMCT) is the characteristic of isolated tetrahedral coordination of Fe3+ and
has been also observed for mesoporous FeS-1 [21]. These two bands have been
assigned to electronic transition of O2− to the t2g and eg orbitals of Fe3+ in the
iron oxide cluster. However, the absorption band of the iron-loaded mesoporous
composite material (figure 4, curve b) is quite different from the mesoporous ferrisilicate material and showed four absorption maxima at 212, 262, 356 and 494
nm. Later, two absorptions were also observed for the bulk α-Fe2 O3 sample. This
could be explained by the quantum size effect [1] in UV absorption. Identification
of the oxidation state and nature of iron species in the nanocomposite material
[22] is essential in determining its microstructure. UV–visible data suggested that
the loading of iron have very little effect on the oxidation state of these materials
and in almost all cases Fe(III) was the oxidation state of iron. The presence of
α-Fe2 O3 phase suggested the hexa-coordination of iron in the nanocomposite materials. Fe2 O3 nanoparticles with different sizes were investigated using Fe K-edge
X-ray absorption near-edge structure [23] recently, which suggested mostly Fe sites
with octahedral or distorted octahedral coordination. Experimental results thus
explained the formation of iron oxide species having aggregates inside the channels
of the mesopores.
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Figure 3. N2 adsorption/desorption isotherms of mesoporous MCM-41
(curve a) and sample 2 (curve b) after iron loading. BJH pore size distributions are shown in the inset.

Figure 4. UV–visible diffuse reflectance spectra of surfactant free FeMCM-41 (curve a), Fe2 O3 embedded mesoporous silica (curve b, sample 2)
and bulk Fe2 O3 (curve c).
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4. Conclusions
α-Fe2 O3 nanoparticles have been successfully encapsulated inside the mesopores
of MCM-41 silica. Ordered mesophases were observed till the highest loading of
iron was achieved (2.95 wt% with respect to SiO2 ) in these mesoporous materials. Beyond this loading limit disordered mesophases were obtained. UV–visible
spectra suggested octahedral/distorted octahedral coordination of Fe3+ in the iron
oxide clusters. The impregnated Fe2 O3 forms well-dispersed isolated iron oxide
clusters inside the 2D-hexagonal channels of mesoporous silica host. From the experimental results it can be concluded that the inorganic mesoporous silica in the
pore wall directs a physical constraint necessary to prevent the creation of large
Fe2 O3 agglomerates and enables the formation of nanosized Fe2 O3 clusters inside
the uniform mesopores.
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