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Templated synthesis of highly ordered mesoporous cobalt ferrite and
its microwave absorption properties
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Based on the nanocasting strategy, highly ordered mesoporous CoFe2O4 is synthesized via the ‘two-solvent’ im-
pregnation method using a mesoporous SBA-15 template. An ordered two-dimensional (P6mm) structure is preserved
for the CoFe2O4/SBA-15 composite after the nanocasting. After the SBA-15 template is dissolved by NaOH solution, a
mesoporous structure composed of aligned nanoparticles can be obtained, and the P6mm structure of the parent SBA-15
is preserved. With a high specific surface area (above 90 m2/g) and ferromagnetic behavior, the obtained material shows
potential in light weight microwave absorption application. The minimum reflection loss (RL) can reach −18 dB at about
16 GHz with a thickness of 2 mm and the corresponding absorption bandwidth is 4.5 GHz.
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1. Introduction
As an important kind of magnetic material, ferrite has

been extensively studied in many fields due to its high co-
ercivity, moderate saturation magnetization, large magneto-
crystalline anisotropy, favorable mechanical and chemical
stability,[1] in applications such as electrode material,[2,3]

catalysis,[4,5] drug delivery,[6] electromagnetic interference,[7]

etc. Moreover, it is a metal oxide, containing magnetic ions
arranged in such a manner that the magnetization can be spon-
taneously produced and the good dielectric properties can be
maintained.[8] Therefore the spinel cobalt ferrite (CoFe2O4)
has been widely used as the traditional microwave absorbent.
However, its high density (5.3 g/cm3) restricts its application,
and how to reduce the density becomes a key point. With
the development of stealth technology, thin, light-weight, wide
absorption bandwidth, and strong absorption material perfor-
mance are becoming the latest design conceptions for mi-
crowave absorbents. Up to now, there have been some at-
tempts to prepare light-weight ferrite, including ferrite hollow
fibers,[9,10] hollow ferrite microspheres,[11,12] and mesoporous
nickel ferrite.[13]

As is well known, soft-template and hard-template meth-
ods are the main strategies to synthesize mesoporous mate-
rials. For metal oxides, there exist some limits of control-
ling intermolecular forces and assembling metal precursors
with the micelles for the soft-template method. Thomas et
al.[14] reported the synthesis of periodic nanoporous cobalt
ferrite (CFO) whose ordering nanostructure was partly de-
stroyed by increasing the sintering temperature. The meso-

porous Co3O4 with a large surface area (about 360 m2/g)
was also synthesized by using the Pluronic soft micellar
templates,[15] in which the synthesis is highly sensitive to
pH and temperature. Therefore, the corresponding hard-
template method is a preferable way to synthesize meso-
porous metal oxides/composites, such as Co3O4/CoFe2O4,[16]

NiO,[17] Cr2O3, and Co3O4.[18] There are some reports on
the mesoporous ferrite prepared with the hard-template. One-
dimensional nanostructured spinel MFe2O4 (M = Ni, Mg, Co)
was synthesized via the two-solvent method, which could
guarantee the unchangeable molar ratio of precursors.[19,20]

Single phase mesoporous CoFe2O4 with a high Brunauer–
Emmett–Teller (BET) surface area (155.7 m2/g) has been suc-
cessfully prepared based on the nanocasting strategy using
SBA-15 and KIT-6 and it is confirmed that the impregnation
steps have a great influence on the structure and properties of
the products.[21] Furthermore, well-ordered three-dimensional
mesoporous NiFe2O4 was also synthesized by the nanocasting
method with KIT-6 serving as the template, and it is revealed
that the incipient impregnation method is an effective way. Im-
portantly, the as-prepared product exhibited good microwave
absorption properties.[13]

In the general process of nanocasting, the impregnation
method and the solvent used are the important factors. Ex-
cessive impregnation will result in particle aggregation on the
surface of the template and blocking the mosopores, and then
the precursor cannot enter into the pores of the template suffi-
ciently. On the other hand, the dispersibility of the precursor in
solvent also affects the impregnation. A solvent that enhances
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the capillary force of the template will be the first choice. A
study by Van der Meer et al. has shown that the lower in-
terfacial tension toward the water of the alkane solvents en-
hances the dispersion of the metal oxide precursor inside the
pore network.[22] However, to the best of our knowledge, there
exists no report on the electromagnetic and microwave absorp-
tion properties of ordered mesoporous crystalline CoFe2O4

prepared by a combination of the double solvent technique
and incipient impregnation method. In this paper, we report
the synthesis of mesoporous CoFe2O4 by the double solvent
technique using a SBA-15 template. As SiO2 is an inorganic
wave-transparent material, we also investigate the role of the
amorphous silica in the process of microwave absorption. The
results show that these mesoporous products each have a high
BET surface area and an ordered structure, which confirms
that the double solvent technique is an efficient way of impreg-
nation. Moreover, m-CoFe2O4-2 has the best microwave ab-
sorption properties and is a promising light-weight microwave
absorbent.

2. Experiment
2.1. Material preparation

A typical synthesis procedure for mesoporous
SBA-15 was reported as described elsewhere.[23] P123
(EO20PO70EO20, Mw=5800, Aldrich, 4.0 g) was dissolved
in 120 ml of 2-mol/L HCl (37 wt%) solution at room tempera-
ture. Then, tetraethyl orthosilicate (TEOS, 98%, 10.0 ml) was
added into the homogeneous solution and hydrolyzed at 40 ◦C
for 20 h under vigorous stirring. The mixture was transferred
into a Teflon vessel, sealed, and heated at 90 ◦C for 48 h.
The filtrated solid was washed with water and ethanol several
times. The final sample was dried at 60 ◦C and calcined at
550 ◦C with a heating rate (∆t) of 1 ◦C/min in air for 5 h and
the white powder SBA-15 was finally obtained.

Precursor solution was prepared by dissolving 5.82 g of
Co(NO3)2·6H2O and 16.16 g of Fe(NO3)3·9H2O in deionized
water with a 1:2 molar ratio of Co/Fe, the concentration of
the mixture was about 2 mol/L. To the dispersion of n-hexane
(20 ml) containing 1 g of SBA-15 in a polytetrafluoroethy-
lene vessel, 2.5 ml of precursor solution was added drop-
wise. The solvent was volatilized by exposure to air whilst
stirring the mixture, and then heated at 40 ◦C overnight, sub-
sequently calcined at 250 ◦C for 5 h (∆t = 1 ◦C/min, air at-
mosphere). Afterwards, the resulting chocolate brown powder
was re-impregnated and dried as described above, and calcined
at 800 ◦C for 5 h (∆t = 1 ◦C/min, air atmosphere). Finally,
the silica template was dissolved by a 2-M NaOH solution
in a 50 ◦C water bath under continuous vigorous stirring for
24 h, then the black product was washed with distilled water
and ethanol several times by centrifugation and dried at 80 ◦C.
The template-free sample of CoFe2O4 nanocast from SBA-15
was denoted as m-CoFe2O4-1, while the sample made with-
out etching the silica template was named CoFe2O4/SBA-1.

For comparison, m-CoFe2O4-2 was also prepared under the
same conditions but only for two impregnation steps. Here,
the numbers ‘1’ and ‘2’ refer to the impregnation steps.

2.2. Material characterization

To reveal the crystallization structures of products, X-
ray diffraction (XRD) measurement was performed on a
Rigaku D/max-rB diffractometer with Cu-Kα radiation (λ =

1.5406 Å), in scan steps of 0.01◦ in a 2θ range from 10◦ to 90◦.
The morphologies and sizes of the samples were observed by
a transmission electron microscope (TEM, JEOL JEM-1011).
The N2 adsorption–desorption analysis was measured on a Mi-
cromeritics ASAP 2010 instrument. The pore volumes were
determined using the adsorbed volume at a relative pressure
of 0.99. The multipoint BET surface area was estimated in a
relative pressure range from 0.05 to 0.25. The pore size dis-
tributions of the as-prepared samples were analyzed using the
Barrett–Joyner–Halenda (BJH) method. The magnetic proper-
ties were measured by a Lakeshore Model 7400 series vibrat-
ing sample magnetometer (VSM) at room temperature. The
complex permeability and permittivity of the mixture were
measured between 2 GHz and 18 GHz with an Agilent 8722ES
network analyzer by using the transmission/reflection coaxial
line method. The mesoporous CoFe2O4/paraffin (weight ra-
tio: 3:2) composites were pressed into a toroidal shape with
an outer diameter of 7 mm and inner diameter of 3 mm for
microwave measurements.

3. Results and discussion
3.1. Phase, structure, and morphology characterization

Figure 1 shows the XRD patterns of serial mesoporous
products. The diffraction humps centered at 23◦, respec-
tively, of CoFe2O4/SBA-1 and CoFe2O4/SBA-2 belong to the
amorphous silica walls of SBA-15. While for the template-
free samples (m-CoFe2O4-1 and m-CoFe2O4-2), the strong
diffraction peaks can be indexed to a face-centered cubic
spinel structure (JCPDS No. 22-1086). A comparison between
CoFe2O4/SBA-1 and CoFe2O4/SBA-2 clearly shows that the
intensity of the diffraction peak becomes stronger with the
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Fig. 1. (color online) X-ray diffraction patterns of (curve a) CoFe2O4/SBA-
1, (curve b) CoFe2O4/SBA-2, (curve c) m-CoFe2O4-1, and (curve d) m-
CoFe2O4-2.
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increase of impregnation steps. After removing the template,
the same phenomenon still exists.

Texture parameters of all samples were investigated by
nitrogen physisorption as summarized in Table 1. The N2

adsorption–desorption isotherms and pore size distributions

for ordered mesoporous CoFe2O4/SBA and m-CoFe2O4 are
given in Fig. 2. The isotherms are of type IV defined by
the IUPAC classification, and they show the typical hys-
teresis loops of mesoporous materials prepared by the hard-
templating method.[24,25]

Table 1. Textual and magnetic propertiesa of mesoporous samples.

Samples Surface area/(m2/g) Pore volume/(m3/g) Pore size/nm Ms/(emu/g) Mr/(emu/g) Hc/Oe

SBA-15 720 1.1 5.9 – – –

CoFe2O4/SBA-1 388.8 0.6 5.7 16.4 3.2 235.9

CoFe2O4/SBA-2 263.2 0.3 4.5 25.64 7.0 738.7

m-CoFe2O4-1 103.4 0.4 15.6 32.7 4.4 257.1

m-CoFe2O4-2 98.4 0.3 12.4 26.4 7.7 516.9

a Specific surface area was obtained according to BET, the pore-size distribution was derived from the adsorption branches of the isotherms using the BJH

method, pore volume was estimated from the amount absorbed at a relative pressure of P/P0 = 0.99, saturation magnetization (Ms), remanent magnetization

(Mr), and coercivity (Hc) were measured at room temperature. The unit 1 Oe = 79.5775 A·m−1.
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Fig. 2. (color online) N2 adsorption–desorption isotherms (a) and pore
size distributions (b) from the adsorption branches through the BJH
method of the as-prepared mesoporous samples.

After the introduction of the cobalt ferrite, the surface
area and the pore volume of the as-prepared sample decrease
significantly, and the pore size distribution changed obvi-
ously compared with those of SBA-15. The surface areas are
388.8 m2/g and 263.2 m2/g, and pore volumes are 0.6 m3/g

and 0.3 m3/g for CoFe2O4/SBA-1 and CoFe2O4/SBA-2, re-
spectively. This is mainly attributed to the framework acting as
the mesoporous silica channels during the pyrolysis and crys-
tallization of the loaded nitrates. After removing the SBA-
15, the surface area and the pore volume of the material still
decrease dramatically. Both m-CoFe2O4-1 and m-CoFe2O4-
2 have BET surface areas of 103.4 m2/g and 98.4 m2/g, and
pore volumes of 0.4 m3/g and 0.3 m3/g respectively. It is noted
that the pore size distribution shifts to a larger range, which is
probably due to the existence of micropores on the amorphous
silica walls of SBA-15 channels.

TEM images provide an insight into the morphologies
and detailed structures of the products, and the representa-
tive images are shown in Fig. 3. Compared with pure SBA-15
(Fig. 3(a)), there obviously exist CoFe2O4 crystals in the chan-
nels of the silica template after impregnating and sintering for
CoFe2O4/SBA-1 and CoFe2O4/SBA-2 as shown in Figs. 3(b)
and 3(d). It is found that the loading amount of cobalt fer-
rite is increased with the accumulation of the impregnation
step by comparing Fig. 3(b) with Fig. 3(d). This result is also
in agreement with the change of surface area that decreases
from 388.8 m2/g to 263.2 m2/g. While for template-free sam-
ples (Figs. 3(c) and 3(e)), the mesoporous structure can be
still kept, and a two-step impregnation procedure is able to
introduce more metal precursors into the mesopore channel
and leads to a more regular structure. Therefore, the incipient
wetness impregnation method was an efficient way to reduce
the agglomeration of excessive cobalt ferrite on the external
surface of the template.
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Fig. 3. TEM images of (a) SBA-15, (b) CoFe2O4/SBA-1, (c) m-CoFe2O4-1, (d) CoFe2O4/SBA-2, and (e) m-CoFe2O4-2.

3.2. Magnetic properties and microwave absorption anal-
ysis

The magnetic properties of the products were measured
using a vibrating sample magnetometer at room temperature.
The magnetization curves of the four samples are shown in
Fig. 4. As can be seen, all the magnetization curves exhibit
typical ferromagnetic behaviors.
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Fig. 4. (color online) Magnetic hysteresis loops of the as-prepared
mesoporous samples measured at room temperature. The H unit in Oe,
1 Oe = 79.5775 A·m−1.

Magnetic parameters of the four samples, obtained from
the magnetization curves are also listed in Table 1. Obvi-
ously, the values of Hc and Mr of CoFe2O4/SBA-2 and m-
CoFe2O4-2 are much higher than those of CoFe2O4/SBA-1
and m-CoFe2O4-1 respectively because of the more aggre-
gated particles with the increase of impregnation time.[21] As

for Ms, it tends to increase with the decrease of the sample sur-
face area, and m-CoFe2O4-2 has the largest Ms, which benefits
from its high crystallinity (Fig. 1). A large surface area will re-
sult in the noncollinear spin arrangement at or near the surface
of the particle caused by breaking the exchange bond, and will
give rise to a smaller Ms.[26,27] The variation of Hc is not in
agreement with that of Ms, which mainly results from the dif-
ferences in grain size and magnetocrystalline anisotropy.[28]

In order to investigate the microwave absorption proper-
ties of the products, the values of reflection loss (RL) of these
materials were calculated using the measured complex permit-
tivity (εr = ε ′–jε ′′) and complex permeability (µr = µ ′–jµ ′′).
According to transmission line theory, the RL of the electro-
magnetic wave at the surface of a single-layer material backed
by a perfect conductor at a given frequency and layer thickness
can be defined with the following equations:[29,30]

Zin =

√
µr

εr
tanh

[
j
(

2π f d
c

)
√

µrεr

]
, (1)

R(dB)= 20lg
∣∣∣∣Zin−1

Zin+1

∣∣∣∣ , (2)

where d is the thickness of the absorbent, f is the frequency, c
is the velocity of light, µr is the complex permeability, and εr

is the complex permittivity. The RL value of −10 dB is com-
parable to 90% microwave absorption. In general, absorbents
with an RL value less than −10 dB are considered to be suit-
able for electromagnetic wave absorption in theory.
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Fig. 5. (color online) Frequency dependences of the relative complex permittivity and permeability of CoFe2O4/SBA ((a) and (b)) and
m-CoFe2O4 ((c) and (d)).
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Fig. 6. (color online) Values of µ ′′ (µ ′)−2 f−1 of samples versus fre-
quency.

The electromagnetic parameters of the products were in-
vestigated in a frequency range of 2 GHz–18 GHz. For the
samples of CoFe2O4/SBA-1 and CoFe2O4/SBA-2, the weight
ratio with paraffin is fixed at 1:4 because of their high surface
area, while the ratio is 3:2 for m-CoFe2O4-1 and m-CoFe2O4-
2. Figures 5(a) and 5(c) show the real part (ε ′) and imagi-
nary part (ε ′′) of the complex permittivity respectively. It is
known that ε ′ and ε ′′ represent the energy storage and dissi-
pation capability, respectively.[31,32] For CoFe2O4/SBA-1 and
CoFe2O4/SBA-2, it is noted that the values of ε ′ and ε ′′ remain
almost constant in a range of 2 GHz–10 GHz, and then exhibit
some fluctuations at high frequency. After removing the SBA-
15, ε ′ and ε ′′ remain unchanged in the measured frequency
range for CoFe2O4/SBA-1. According to the free electron
theory,[33] ε ′′ = 1/(2πρ f ε0), where ρ is the electric resistivity

and ε0 is the permittivity in a vacuum, it can be speculated that
the lower ε ′′ means a higher electric resistivity. This eventu-
ally leads to poor microwave absorption of CoFe2O4/SBA-1
compared with that of CoFe2O4/SBA-2 (see Fig. 7).

Figures 5(b) and 5(d) display the frequency dependence
of the real part (µ ′) and imaginary part (µ ′′) of complex per-
meability, respectively. For all the samples, the variations of µ ′

and µ ′′ are synchronous, both exhibiting the resonance peaks
at high frequency. It is known that the magnetic loss of mag-
netic material stems mainly from exchange resonance, natural
resonance, eddy current, and magnetic hysteresis loss in the
microwave region.[34] In our work, the contributions of mag-
netic hysteresis and domain-wall resonance can be excluded
due to the weak applied field, and the domain-wall resonance
occurs usually in the 1 MHz–100 MHz range.[35] The eddy
current loss is related to the diameter of the nanoparticle d,
electric conductivity σ , and the permeability of a vacuum µ0,
which can be described by µ ′′ ≈ 2πµ0(µ

′)2σd2 f/3. If the
magnetic loss only originates from the eddy current loss, the
equation µ ′′(µ ′)−2 f−1 = 2πµ0σd2/3 should keep constant
with changing frequency.[36] Figure 6 demonstrates the vari-
ation of µ ′′(µ ′)−2 f−1 versus f of the samples. It is obvious
that there are minor and major peaks over lower and higher
frequency ranges in all curves, confirming that magnetic loss
is not caused by the eddy current loss. Moreover, the obvious
resonance peaks observed at high frequency in the µ ′′ curves
may be due to the exchange resonance based on Aharoni’s
theory,[37,38] proven in ferromagnetic nanoparticles.
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Fig. 7. (color online) Microwave RL curves of the composites with varying thicknesses in a frequency range of 2 GHz–18 GHz: (a)
CoFe2O4/SBA-1, (b) CoFe2O4/SBA-2, (c) m-CoFe2O4-1, and (d) m-CoFe2O4-2.

In general, the reflection and attenuation properties of mi-
crowave absorbents depend on the matching frequency, the
layer thickness of absorbent, and the complex permittivity and
permeability, which are determined by their nature, shape,
size, and micro-structure.[30] In order to characterize the mi-
crowave absorption properties, figure 7 shows the compar-
isons among calculated RL curves in the frequency range of
2 GHz–18 GHz for the product/paraffin composites with dif-
ferent thickness values, which are simulated based on Eqs. (1)
and (2). It is evident that there is still a decreasing tendency
(not shown here because of the limitation of the test instruc-
tion) of the RL curves when the frequency exceeds 18 GHz
for CoFe2O4/SBA-1 and m-CoFe2O4-2. Besides, the sample
of m-CoFe2O4-2 has the best microwave absorption perfor-
mance, the minimum RL moves forward the lower frequency
region with increasing thickness and reaches −18 dB at about
16 GHz with a thickness of 2 mm and the corresponding ab-
sorption bandwidth is 4.5 GHz (13.5 GHz–18 GHz). It is in-
teresting to note that the matching thickness is smaller than
meso-NiFe2O4 (−22.5 dB with a thickness of 3 mm) in a pre-
vious report,[13] the connected pore walls have good conduc-
tivity and the channels which exist between particles form an
interface with paraffin to induce dipolar interactions and con-
tribute significantly to the electromagnetic loss. For the sam-
ples of CoFe2O4/SBA-1 and CoFe2O4/SBA-2, the pore walls
and the channels are separated by the amorphous silica walls

of SBA-15, resulting in the absence of the above dipolar inter-
actions. Therefore neither the mesoporous CoFe2O4/SBA-1
nor the CoFe2O4/SBA-2 studied here is a promising candidate
for application as a light-weight microwave absorbent in the
GHz range although each of them has a high surface area. The
variations in both the µ ′ and µ ′′ curves of m-CoFe2O4-1 are
negligibly small, indicating almost no magnetic loss contribu-
tion to the microwave absorption, and this is in agreement with
the fact that it has a smaller Hc value. This is proved by Sun et
al. via their study of dendritic Fe absorbent.[39]

4. Conclusion
In this paper, well-ordered two-dimensional mesoporous

CoFe2O4 is synthesized by the nanocasting method using
SBA-15 as the template with the ‘two-solvent’ impregnation
method. Template-free m-CoFe2O4-2 shows low RL and wide
absorption frequency range and proves to be a promising light-
weight microwave absorbent.
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