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Unusual Magnetic Properties of Size-Controlled Iron Oxide
Nanoparticles Grown in a Nanoporous Matrix with Tunable Pores**
Sher Alam, Chokkalingam Anand, Katsuhiko Ariga, Toshiyuki Mori, and Ajayan Vinu*

Magnetic iron oxide nanoparticles have been much inves-
tigated because of their promising applications in data
storage, electronic and biomedical devices, and magnetic
carriers for drug delivery."? However, many of these
applications require Fe,O; nanoparticles with controllable
sizes, as they exhibit interesting magnetic properties. The
fabrication of such nanoparticles is always a challenging task.
Consequently, several synthetic approaches, including heat-
ing, hot injection, sonochemistry, and thermal decomposition
of organometallic compounds, have been employed for the
fabrication of Fe,O; nanoparticles with uniform size and
shape.P®! However, most of the synthetic approaches generate
agglomerated Fe,O; nanoparticles with large sizes and irreg-
ular shapes. These nanoparticles have drawbacks such as low
magnetic moments. An interesting way to finely control the
particle size and shape is to encapsulate magnetic particles
inside a porous inorganic template matrix*! with defined pore
size and shape.

Herein, we demonstrate the first nanosieve approach for
the fabrication of magnetic Fe,O; nanoparticles with control-
lable sizes inside a nanoporous confined matrix of hexago-
nally ordered silica materials with tunable pore diameters.
The preparation of this matrix using a high-temperature
hydrothermal approach was recently reported by us.’] We
further demonstrate that the sizes and the magnetic proper-
ties of the nanoparticles can easily be controlled by simply
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tuning the pore size of the nanoporous silica matrix. The
loading of a metal source in the nanoporous matrix also plays
a critical role in controlling the particle size in the confined
nanoporous matrix and significantly affects the magnetic
properties of the particles.

Mesoporous SBA-15 supports with various pore diame-
ters were prepared by a hydrothermal technique following
our previous reported procedurel’ (see Tables 1S and 2S in
the Supporting Information for the textural parameters and
the conditions for synthesis of the samples). The Fe,O;
nanoparticles in the supports were prepared by the wet
impregnation method (see the Experimental Section). The
samples were denoted as XF-SBA-15-Z where X and Z are
the weight% of the Fe and the temperature used for the
synthesis of SBA-15, respectively, and F denotes Fe,Oj;.

The representative HRTEM image and the related
HRTEM histogram of 30F-SBA-15-130 are shown in Fig-
ure 1a and 1b, respectively. The image clearly shows that the
Fe,O; nanoparticles have uniform size and shape. It is also
clear that the nanoparticles are encapsulated inside the linear
array of SBA-15-130 pores, which are arranged in regular
intervals, thus confirming that the ordered pores indeed
control the size and shape of the Fe,O; nanoparticles
(Figure 1a inset). It is interesting to note that the diameter
of the Fe,0; particles grown inside the SBA-15 nanochannels
is between 6.5 and 9.0 nm, which is quite similar to the pore
size of the SBA-15 supports and significantly smaller than that
of the particles made without SBA-15 matrix (Tables 1S, 2S
and Figures 1S, 2S in the Supporting Information). Interest-
ingly, the size of the Fe,O; nanoparticles increases with the
pore size of SBA-15. The powder XRD diffraction patterns of
30F-SBA-15-130 and parent SBA-15-100 are compared in
Figure 1b. Both samples show a sharp peak at lower angles,
and several higher-order peaks, which can be indexed to the
(100), (110), and (200) reflections of the hexagonal space
group p6mm, and are indicative of hexagonally ordered pore
structure. However, the intensity of the peaks at lower angles
decreases significantly as the loading of Fe,O; nanoparticles
inside the mesochannels of SBA-15 is increased (Figure 3S in
the Supporting Information). It is unlikely that the large
difference in the intensity of the (100) peak before and after
the Fe,O; immobilization arises from damage to the structure,
but rather from a larger contrast in density between the silica
walls and the open pores relative to that between the silica
walls and iron oxide inside the porous channels. The wide-
angle XRD pattern of 30F-SBA-15-130 shows several higher-
angle peaks, which are quite similar to those of pure Fe,O;
nanoparticles. The structure of the parent silica remains intact
even after loading higher amounts of Fe,O; (see Figure 3S in
the Supporting Information. A complete discussion about
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Figure 1. a) Representative HRTEM image of 30F-SBA-15-130. Inset
HRSEM image (scale bar=20 nm). b) Histogram of particle diameter.
c) Low-angle regions of the XRD patterns of 1) SBA-15-130 and 2) 30F-
SBA-15-130.

particle sizes and phases of iron oxide obtained from the
HRTEM image, Brunauer—-Emmet-Teller (BET) surface
area, and XRD pattern may also be found in the Supporting
Information (Figures 2S-78S)).

One of the interesting findings of this work is how the
nanocomposite magnetization can be controlled by the pore
diameter of the SBA-15 materials. Figure 2a shows the zero-
field cooling (ZFC) and field cooling (FC) curves measured at
a magnetic field 1000 Oe for Fe,O; nanoparticles grown on
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Figure 2. a) FC and ZFC curves of 1) 30F-SBA-15-100, 2) 30F-SBA-15-
130, 3) 30F-SBA-15-150. The inset shows a schematic representation of
Fe,O; nanoparticles in SBA-15. b) Influence of the template pore
diameter on the coercivity H, and the magnetization at the maxima
M.

the SBA-15 template with various pore diameters. Interest-
ingly, it can be seen that the blocking temperature Ty is
related to the particle size of the Fe,O; nanoparticles (with
the assumption that the shape of the particle is spherical) by a
simple relation 73 =KV/25ky where K is the anisotropy
constant (1.2 x 10° ergem™), V is volume of the particle, and
kg is the Boltzmann constant (1.38 x 107'° erg K™!). The value
of Ty increases with the pore diameter of the SBA-15 support.
The diameter of the Fe,O; particles prepared using the
nanoporous support is calculated to be around 6.3-7.1 nm,
which is close to the data obtained from the HRTEM images.
Moreover, as the pore diameter of the support decreases, the
magnetization and the magnetic coercivity H, increase with
the concomitant decrease of the Ty because of the small
particle size (Figure 2 and Tables 1S and 28 in the Supporting
Information). This result confirms that the size of the Fe,O5
nanoparticles can be controlled by simple adjustment of the
pore diameter of the SBA-15 support. It must also be noted
that the coercivity and the magnetic remanence vary inversely
with the pore diameter of the support and the particle size of
the nanoparticles (Figure 2b). To the best of our knowledge,
this is the first time that the size of the Fe,O; nanoparticles
and their magnetic properties can be tuned by varying the
pore diameter of the large-pore mesoporous support SBA-15.

Nanocomposites with different Fe,0O; nanoparticle load-
ings were also prepared and their magnetic properties
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studied. Figures 3a and b show the magnetic hysteresis loop
measured up to 5 T at 5K, and the zero field cooling (ZFC)
and field cooling (FC) curves measured at 1000 Oe, respec-
tively, for SBA-15-100 with different of Fe,O; nanoparticle
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Figure 3. a) Hysteresis and b) ZFC and FC curves: 1) 7.5F-SBA-15-100,
2) 10F-SBA-15-100, 3) 30F-SBA-15-100, and 4) 50F-SBA-15-100.

loadings. The presence of clear hysteresis in the magnetic
loops indicates that the Fe,O; nanoparticle encapsulated
SBA-15 supports are highly super-paramagnetic, thus con-
firming a high dispersion of the ultrasmall Fe,O; nano-
particles on the nanoporous surface of the SBA-15 support. It
is important to note that the magnetic moments are given per
total amount of the Fe on the support. These values are
consistent with our previous remarks on the ZFC/FC data of
the same samples.

As shown in Figure 3b, a direct correlation between the
magnetization and the loading amounts has been clearly
observed. The saturation magnetic moment M is significantly
larger for the sample with a low Fe,O; loading, and decreases
as the Fe,O; loading increases. The nanocomposite 7.5F-SBA-
15-100 showed the highest M, of around 25 emug ', whereas
the nanocomposite with the larger amount of Fe,O;, 50F-
SBA-15-100, exhibited an M, of only 6 emug™. It is quite
obvious that higher amount of Fe,O; nanoparticles inside the
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nanochannels of SBA-15 enhanced the agglomeration and led
to smaller magnetization. It must be also noted that the pore
structure of the 50F-SBA-15-100 is almost lost, which is
confirmed by the powder XRD pattern, and could also be
another reason for the smaller magnetization. Moreover, if
the Fe content is higher, then pore blocking will be more
likely to occur, thus supporting the formation of large
nanoparticles.

On the other hand, the M, of the pure Fe,O; with the
particle size of 53 nm (Figures 1S, 8S, and 9S in the Supporting
Information) prepared without the support is approximately
2.1 emu g", which is 12 times lower than that of 7.5F-SBA-15-
100, thus confirming that the support indeed plays a critical
role in controlling the particle size and magnetic properties.
Furthermore, it is interesting to note that H, increases as the
Fe loading is increased up to 30 wt %. 30F-SBA-15-100a has
an H, of 3250 Oe, which decreases to 2250 Oe for 50F-SBA-
15-100 (Figure 4). These H, values are much higher than the
H, of 1400 Oe for the Fe,O; nanoparticles prepared without
the SBA-15 support. The high H, of the sample is mainly due
to a large screening effect induced by the silica support
matrix, and the small Fe,O; nanoparticles in the nanoporous
channels.
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Figure 4. Effect of Fe,O; loading on the magnetic paramters of Fe,O;-
loaded SBA-15-100: a) M, and b) H, values.

In summary, we have demonstrated that Fe,O; nano-
particles can be prepared in a facile nanosieve approach. The
nanoparticles are highly dispersed over the SBA-15 support
have uniform sizes that can be tuned by simple adjustment of
the pore diameter. The size of the nanoparticles is very small,
and they show superior magnetic properties compared to the
pure Fe,O; nanoparticles prepared without the nanoporous
support. These interesting magnetic properties (high M and
H,) of the nanocomposites could make them useful for several
applications such as magnetic separation and magnetic media.
We believe that this method could allow the targeted design
and synthesis of various transition metal oxide nanoparticles
with different sizes and shapes by using nanoporous silica with
three-dimensional structures and tunable pore diameters,
such as SBA-16, KIT-6, or SBA-1.
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Experimental Section

Preparation of iron oxide nanoparticles over mesoporous supports:
Different volumes of a solution of Fe(NO;); 9H,0 in ethanol (0.5Mm)
were mixed with the SBA-15 support (100 mg) in ethanol (10 mL).
The resulting mixture was stirred at room temperature for 24 h.
Subsequently, the ethanol was evaporated by raising the hotplate
temperature to 80°C under stirring. The iron oxide mesoporous
nanocomposites were obtained by oxidizing the resulting product in a
controlled oxygen flow at 300°C for 4 h. Characterization of the
materials is provided in the Supporting Information.
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