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Magnetic y-Fe,0;, Fe;04, and Fe nanoparticles
confined within ordered mesoporous carbons as
efficient microwave absorbers

Jiacheng Wang, ** Hu Zhou,*” Jiandong Zhuang” and Qian Liu**

A series of magnetic y-Fe,03, Fe3O,4, and Fe nanoparticles have been successfully introduced
into the mesochannels of ordered mesoporous carbons by the combination of the impregnation
of iron salt precursors and then in sifu hydrolysis, pyrolysis and reduction processes. The
magnetic nanoparticles are uniformly dispersed and confined within the mesopores of
mesoporous carbons. Although the as-prepared magnetic mesoporous carbon composites have
high contents of magnetic components, they still possess very high specific surface areas and
pore volumes. The magnetic hysteresis loops measurements imply that the magnetic
constituents are poorly-crystalline nanoparticles and their saturation magnetization is evidently
smaller than bulky magnetic materials. The confinement of magnetic nanoparticles within the
mesopores of mesoporous carbons results in the decrease of the complex permittivity and the

increase of the complex permeability of the magnetic nanocomposites. The maximum
reflection loss (RL) values of -32 dB at 11.3 GHz and a broad absorption band (over 2 GHz)
with RL values < -10 dB are obtained for 10-Fe;0,/CMK-3 and 10-y-Fe,03/CMK-3 composite
in a frequency range of 8.2-12.4 GHz (X-band), showing their great potentials in microwave
absorption. This research opens a new method and idea for developing novel magnetic

mesoporous carbon composites as high-performance microwave absorbing materials.

1. Introduction

Recently, serious electromagnetic interference (EMI) pollution
continuously receives great attention because of explosive
development of electrical and electronic industries. The strong
EMI pollution not only can lead to disturbances on various
systems and equipment for civil and military applications, but
also is potentially harmful to human health. Thus, many efforts
have been focused on exploiting effective microwave
absorption and shielding materials with low density and strong
absorption in a wide frequency range to attenuate those
unneeded electromagnetic (EM) energies.! Compared with
metal-based EMI shielding and absorbing materials, carbon-
based conducting composites are becoming attractive because
of their light weight, high chemical stability, low cost, and
excellent adaptability to a wider range of environments.?
Various nanostructured carbon-based materials have been
studied not only in many applications including heterogeneous
catalysis,” electrocatalysis,* gas adsorption/storage,” energy
storage,> ¢ and other areas,” but also as EM shielding and
absorbing materials, especially in the case of harsh working
environments. These studies on carbonaceous EM wave
shielding and absorbing materials are related to carbon black
(CB),? carbon nanofibers (CNFs),” carbon nanotubes (CNTs),**
19 carbon foams,'! and graphene,'? efc.
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Among these nanosized carbons, ordered mesoporous
carbons, prepared by the hard template via nanocasting ordered
mesoporous silicas'? or the soft template via self-assembly of
polymer precursors and organic surfactants,"* possess high
specific surface areas and special mesostructure of ordered
nanowire/nanopore arrays. Specially, CMK-3, a kind of ordered
mesoporous carbon templated from ordered mesopore silica
SBA-15, is of particular interest due to its fascinating
properties, such as large surface area, unique electric behaviour,
and highly ordered nanowire arrays interconnected by short
carbon rods.'> We have found that ordered mesoporous carbons
are excellent candidates as EM wave shielding and absorbing
fillers. A novel type of CMK-3/fused silica ceramic composite
was successfully prepared by embedding CMK-3 particles
within the silica matrix. The as-formed composite demonstrated
a high RL value of more than -30 dB.'® The spatial
configurations of ordered mesoporous carbons have great
influences on the EMI shielding efficiency (SE) of ordered
mesoporous carbon/silica composites, and the EMI SE of the
composites in the X-band frequency range decreased for the
carbon mesostructures in the following order: CMK-3-filled >
CMK-1-filled > CS4l1-filled.'” As a microwave absorber,
ordered mesoporous carbon is characteristic by large dielectric
loss, light weight, and low cost. However, the dielectric
permittivity and magnetic permeability of pure mesoporous
carbon are out of balance. Thus, most of microwave radiation is
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reflected, rather than absorbed by pure carbon. In previous
research, we prepared CMK-3-filled poly(methyl methacrylate)
(PMMA) composites by in-situ polymerization and grafting of
methyl methacrylate (MMA) on the surface of CMK-3
particles."® The microwave absorbing ability was evidently
enhanced compared to the composite prepared by the solvent
mixing method' due to the improved microwave impedance
matching by adjusting the complex dielectric permittivity and
further improving the dielectric loss of the in situ polymerized
composite.'® Alternatively, various magnetic species can be
composited with porous carbons to increase the magnetic loss
ability of the carbon composites.”” The magnetic particles play
important roles in improving the complex permeability owing
to their large saturation magnetization.?! Thus the microwave
absorbing ability of the magnetic carbon composites can be
increased because the impedance matching requirement is
achieved. It has been reported that the magnetic CNTs
composites formed by encapsulating magnetic particles within
the channels of CNTs or absorbing magnetic particles on the
surface of CNTs demonstrated the enhanced ability of
microwave absorbance within a wide frequency range.”
However the low surface areas of CNTs resulted in the
formation of larger magnetic particles supported on CNTs, thus
evidently decreased the microwave absorbing ability. And due
to their large length-to-diameter ratios, CNTs tend to tangle
together and it is difficult to disperse CNTs into various
solutions homogeneously without any aggregation. Because of
excellent textures (very high specific surface areas and short
length-to-diameter ratios) of CMK-3 particles, magnetic
nanoparticles can be introduced within the mesopores of
ordered mesoporous carbon CMK-3 to form magnetic
mesoporous  carbon  composites as  high-performance
microwave absorbers.

Generally, small amount of metal precursors could be
effectively encapsulated within the mesopores of CMK-3 by
impregnation and further be transformed to poorly crystallized
nanoparticles under the low-temperature heat-treatment.”’
However, the resultant nanoparticles could aggregate strongly
to form big particles on the carbon surface when very high
content of metal precursors existed in CMK-3 mesopores or the
transformation temperature increased.”* Thus it is difficult to
load high content (> 20 wt%) of homogeneously dispersed,
non-aggregated, and crystalline nanoparticles within the
mesopores. For example, due to the low melting point (47 °C)
and boiling point (125 °C) of ferric nitrate, (Fe(NOs);), it easily
melts and aggregates into bigger particles outside the
mesopores of mesoporous carbon upon the heat-treatment
before it decomposes when mesoporous carbon is filled with
high contents of Fe(NO;);. Finally the as-formed product is
heterogeneous mixture composed of magnetic particles and
mesoporous carbon. The key to solve this problem is to
efficiently control the diffusion/decomposition/aggregation
process of high content of metal nitrate precursors in the
mesopores during the pyrolysis process.

In this paper, we adopt a simple, controllable process to
prepare magnetic ordered mesoporous carbon nanocomposites
by a combined process of impregnation, pre-hydrolysis, and
reduction. The iron salt introduced into the mesopores is in situ
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hydrolyzed in an ammonia atmosphere to produce iron
hydroxide in the mesopores of ordered mesoporous carbon.
Followed by a reduction process, different magnetic y-Fe,03,
Fe;O04, and Fe nanoparticles confined within ordered
mesoporous carbons were formed, in which the magnetic
nanoparticles have high contents of up to 40 wt% and they are
homogeneously confined within the mesopores. The structural
textures of mesoporous carbons filled with designed magnetic
nanoparticles have been characterized in detail. The microwave
absorption properties of the magnetic nanocomposites were
also investigated in a frequency range of X-band widely used in
military and commercial fields. The confinement of magnetic
species within ordered mesoporous carbons contributes to a
better impedance matching, which results in the microwave
absorption enhancement in the X-band.

2. Experimental

2.1 Reagents

Ordered mesoporous silica SBA-15 powders were purchased
from Fudan University, China. Sucrose, ferric nitrate
(Fe(NO3);), hydrofluoric acid, sulfuric acid and anhydrous
ethanol were purchased from Sinopharm Chemical Reagent
Co., Ltd. All chemicals were used as received without any
further purification. Deionized water was used
experiments.

2.2 Materials synthesis

Ordered mesoporous carbon CMK-3 was synthesized by using
SBA-15 as hard template according to the previously reported
literature."® The magnetic ordered mesoporous carbon
nanocomposite precursor was prepared by an impregnation
method followed by in situ hydrolysis, calcination, and
reduction, as schematically shown in Fig. 1.%° Typically, CMK-
3 (1.2 g) was added to 20 mL of Fe(NOs); (4 or 10 mmol)
ethanol solution. The suspension was vigorously stirred at room
temperature until the solvent was completely evaporated to
obtain dry powder. Then this powder was poured into a high
glass bottle which stood in a beaker containing 10 mL of
aqueous ammonia solution (concentration: 14 wt%) to avoid
direct contact of the powder and solution. After the beaker was
sealed, it was heated in a drying oven at 60 °C for 3 h to in situ
hydrolyze Fe(NOj); in the mesopores of CMK-3. Then, the
hydrolyzed product was washed with a small amount of water
and ethanol, and calcinated in air at 200 °C for 2 h to obtain a-
Fe,0O5-filled CMK-3 (0-Fe,O3/CMK-3). The resultant o-
Fe,03/CMK-3 powder, equally divided into three parts, was
further thermally treated to form magnetic Fe-containing CMK-
3 nanocomposites. Reduction of a-Fe,O;/CMK-3 at 320 and
400 °C for 6 h in an Ar/H, atmosphere (5% H,) led to the
formation  Fe;04/CMK-3 and Fe/CMK-3  composite,
respectively. The as-prepared Fe;O,/CMK-3 composite was
heated at 150 °C for 2 h in air to form y-Fe,O3/CMK-3
nanocomposite. The resulting magnetic Fe-containing CMK-3
composites are denoted as x-Fe;0,/CMK-3, x-Fe/CMK-3, and
x-y-Fe,03/CMK-3, where x represents the content (mmol) of
Fe(NO3); added initially.

2.3 Materials characterization

in all

This journal is © The Royal Society of Chemistry 2012
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The as-synthesized composite powders were characterized by
X-ray diffraction (XRD) on a D/MAX-RB X-ray diffractometer
(Rigaku, Japan) using Cu-Ka,; (A=0.15406 nm) radiation at 40
KV and 60 mA. The morphology and mesopore structure were
observed by scanning electron microscopy (SEM) (JSM-6700F
JEOL, 10.0KV) equipped with EDS elemental analysis, and
transmission electron microscopy (TEM) (JEM-2100F JEOL,
200KV). Thermogravimetric (TG) was carried out using a
thermal analysis system (STA 449/C, Netzsch) with the
samples heated in flowing air at a ramp of 10 °C/min. The
nitrogen adsorption measurements were performed at -196 °C
to investigate the pore structure of pristine CMK-3 and Fe-
containing CMK-3 using Micromeritics ASAP2010 System
(Micromeritics, Norcross, GA). Specific surface areas were
calculated using the Brunauer-Emmett-Teller (BET) equation
(p/po = 0.05-0.2).%® The total pore volume was determined at
relative pressure p/p, = 0.99. The pore size distribution was
estimated by the Barrett-Joyner-Halenda (BJH) method. The
magnetic hysteresis loop was recorded on a Quantum Design
PPMS system at 30 °C. For the measurements of microwave
absorption properties by using waveguide technique, the
magnetic powders were dispersed in commercial epoxy resin,
which is generally used as binder matrix. In the mixture of
magnetic Fe-containing CMK-3-resin, the weight percent of the
magnetic powders was controlled to be 20 wt%. Then the
mixture was pressed into a mold with a size of 22.86 mm
(length) x 10.16 mm (width) to fit the waveguide sample holder
in the network analyzer. The complex permittivity and
permeability was measured by using a vector network analyzer
(8722ES, HP) in the X-band. The microwave absorbing
properties were deduced by calculating based on the
transmission line theory related to the permittivity and
permeability measured experimentally.
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diameter (Fig. 2b). As a result of in situ hydrolysis process,
there is no aggregation of large Fe,O; particles observed
outside CMK-3 carbon particles (Fig. 2a-b), although the o-
Fe,O3 content is as high as 40 wt% in 10-0-Fe,O3;/CMK-3
composite. Moreover, high-resolution TEM image of the a-
Fe,03/CMK-3 composite shows both the maintenance of highly
ordered mesoporous channels of CMK-3 carbon and high
dispersion of small dark clusters that correspond to a-Fe,O3
nanoparticles (Fig. 2c). Due to the confinement effect of the
mesoporous channels of CMK-3, the a-Fe,O; nanoparticles are
incorporated within ordered mesochannels and thus look like
narrow. The estimated sizes of these particles are 5-9 nm in
diameter and 10-40 nm in length. The corresponding EDS
elemental analysis also indicates that the main elements are C,
O and Fe in 10-0-Fe,03/CMK-3 (Fig. 2d). The total contents of
Fe and O in this composite are 41.4 wt% based on EDS
analysis, which matches well with the theoretical content (40
wt%) of a-Fe,O; in 10-a-Fe,O3/CMK-3. All these results
indicate that the magnetic precursor (a-Fe,Os3) was retained in
the ordered mesopores of CMK-3 and a homogeneous a-
Fe,03/CMK-3 nanocomposite powder was formed by an
impregnation method in combination with in sifu hydrolysis
and calcination procedure.

(a) (b) (c) (d)

Ferricnitrate In-situ
impregnation hydrolysis Reduction
h Caldnation h
CMK-3 Magnetic
@ Carbon a-Fe,05 CMK-3
I Ferricni oM {

Fig. 1 Schematic drawing showing the synthesis of ordered mesoporous
carbon CMK-3 filled with magnetic nanoparticles. (a) Ordered
mesoporous carbon CMK-3 prepared using SBA-15 silica as hard
template; (b) CMK-3/ferric nitrate precursor synthesized by an
impregnation procedure; (c) /n situ hydrolysis and calcination of CMK-
3/ferric nitrate to form a-Fe,O3/CMK-3 composite. (d) The reduced
magnetic CMK-3 by thermally treating CMK-3/0-Fe,O; in flowing 5%
Hz/AI‘.

Fig. 2 (a, b) SEM and (¢) TEM micrographs of 10-a-Fe,Os/CMK-3,
and (d) EDS elemental analysis on the yellow circle area marked in the
image of Fig. 2c.

3. Results and Discussion

CMK-3 carbon, prepared by nanocasting SBA-15 silica with
carbon, is composed of aggregated rod-like particles in sub-
micrometer size, similar to its parent template."”™ 27 After in
situ filling the mesopores of CMK-3 with o-Fe,O;, SEM
images of a-Fe,O;/CMK-3 composite confirms that it still
consists of bundles of oriented arranged short carbon rods,
forming mesoporous carbon particles with about 5 pum in

This journal is © The Royal Society of Chemistry 2012

The non-magnetic a-Fe,O; in CMK-3 was further reduced
in 5% H,/Ar to form magnetic CMK-3 nanocomposite. The
temperature is a very important parameter to affect the
transformation of a-Fe,0;3 to Fe;04.2% The optimum reduction
temperature varied within 300-400 °C depending on different
surrounding environments of o-Fe,0;.*° Fig. S1 in the
Electronic Supporting Information (ESI) shows the XRD
patterns of 10-a-Fe,0O3;/CMK-3 composite reduced in 5% H,/Ar
at different temperatures (280, 320, or 350 °C) for 6 h. The
XRD pattern of 10-a-Fe,O3/CMK-3 reduced at 320 °C presents
several resolved diffraction peaks (Fig. 3 and S1), all of which
are assigned to magnetite FesO, (JCPDS card 19-0629). The
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lower reduction temperature (280 °C) resulted in the incomplete
reduction of a-Fe,O; and the higher temperature (350 °C) led to
the formation of zero-valent Fe nanoparticles in final product
(Fig. S1). Thus, the optimal temperature for the transformation
of a-Fe,O3 to Fe;04 within the mesopore of CMK-3 carbon is
320 °C. During the reduction process, a-Fe,O; in the mesopores
of CMK-3 is converted to magnetite and endows CMK-3
carbon particles with a magnetic property.

The further increase in the reduction temperature to 400 °C
promoted the complete transformation of a-Fe,O3 to magnetic
Fe metal in the mesopore of CMK-3, as confirmed by the XRD
analysis (Fig. 3). The sharp reflections can be attributed to the
body-centered cubic phase of Fe (JCPDS card 06-0696),
without indication of the precursor or other crystalline by-
products. The magnetic y-Fe,03/CMK-3 nanocomposite was
formed by heating the as-prepared Fe;O0,/CMK-3 composite at
150 °C for 2 h in air. The XRD patterns of both y-Fe,O;/CMK-
3 and Fe;0,/CMK-3 are almost the same (Fig. 3), matching
both the maghemite y-Fe,O3; (JCPDS card: 39-1346) and the
magnetite Fe;04 (JCPDS card: 19-0629), respectively. Both
XRD patterns of magnetite and maghemite just differ in a few
low intensity reflections (<5%) present at 20 angle lower than
30°.%° The low crystallinity of the maghemite y-Fe,O; resulted
in the broad diffraction peaks, and thus it is more difficult to
differentiate the maghemite and magnetite in CMK-3 based on
their XRD patterns. Therefore, thermal analysis was further
performed on both samples to unambiguously assign their
crystal structures, discussed below (Fig. 4).

=
=
™

1-Fe03/CMK-3  §

JCPDS card#39-1346

rFe0s | | ]
10 20 30 40 _ 50 60 70
S | FelCMK-3 -
© o
S o
b N
)
S | JCPDS card#06-0696
g Fe ,
10 20 30 40 50 60 70
_ o
e85
g 88 %
FeFe,0,4/CMK-3 <
JCPDS card#19-0629 ‘
FeFe,0,
. I ]
10 20 30 40 50 60 70

20 (degree)
Fig. 3 Wide-angle XRD patterns of Fe;04/CMK-3, Fe/CMK-3, and v-
Fe,05/CMK-3 composites, and their corresponding
JCPDS standard files for comparison.
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Fig. 4 TG curves of the 10-Fe;04/CMK-3, 10-Fe/CMK-3, and 10-y-
Fe,03/CMK-3 composite powders in air flow.

Fig. 4 shows the TG curves of 10-Fe;O,/CMK-3, 10-
Fe/CMK-3 and 10-y-Fe,O3;/CMK-3 composites in air
atmosphere. The heat-treatment of magnetic Fe-containing
CMK-3 composites from room temperature to 800 °C in air will
combust carbon as well as transform magnetic Fe-containing
species to non-magnetic a-Fe,O;. Due to the combustion of
carbon in the composite in the temperature range of 400-
700 °C, 10-y-Fe,O3/CMK-3 powder lost about 59.3% of total
mass, which is close to the carbon content in the original
composite (a-Fe,O3/CMK-3). Because vy-Fe,O; gradually
transformed into o-Fe,O; without any mass change when
increasing the temperature from room temperature to 380 °C,!
the mass of 10-y-Fe,03/CMK-3 composite didn’t change at the
temperature lower than 380 °C in air. It should be noted that the
weight of 10-Fe;0,/CMK-3 slightly increased at 200-380 °C,
since Fe;0, was oxidized to y-Fe,O; in air.’! The maximum
weight gain was 1.4 wt% at 300 °C, which is very close to the
theoretical value 1.3 wt% for the oxidation of 10-Fe;0,/CMK-3
composite based on the content of Fe;O, in air. Thus the TG
data provide direct evidence for different crystal phases of
magnetic species in 10-Fe;0,/CMK-3 and 10-y-Fe,O3/CMK-3
nanocomposites. For 10-Fe/CMK-3 sample, the TG curve
remained stable when the temperature was lower than 400 °C
because of very slow oxidization of Fe nanoparticles. It is
worth noting that the mass loss rate in the temperature range of
400-700 °C for 10-Fe/CMK-3 is evidently slower than those for
both 10-Fe;O,/CMK-3 and 10-y-Fe,O;/CMK-3, implying the
gradual mass gain due to the oxidation of zero-valent Fe when
the mass loss happened because of the carbon combustion.
Thus the mass loss (45.6%) for 10-Fe/CMK-3 is evidently
smaller than 59.3% for 10-y-Fe,O3/CMK-3. TG showed that the
pure CMK-3 started to lose mass at 450 °C,'* while the mass
loss for the magnetic Fe-containing CMK-3 began at the lower
temperature (380 °C), implying that the incorporation of Fe-
containing species into the mesopores of CMK-3 can efficiently
decrease the temperature of carbon oxidation. This finding is
consistent with the previous report.*

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Small-angle XRD patterns of CMK-3 and Fe;04/CMK-3
composites.

After the reduction of a-Fe,O3/CMK-3 in 5% H,/Ar, the
resulting magnetic CMK-3 composites still maintain the
ordered mesoporous structure. Taking the magnetic Fe;Oy4-
filled CMK-3 composite as an example, the small-angle XRD
pattern of 4-Fe;0,/CMK-3 is similar to that of the pristine
CMK-3,% as shown in Fig. 5. One well-resolved diffraction
peak around 26 = 1.04° with two weak peaks around 26 = 1.72°
and 1.98° in the spectra belongs to a typical ordered
mesoporous structure, corresponding to the hexagonal space
group (P6mm) of (100), (110) and (200) diffraction peak. For
10-Fe304/CMK-3 with higher content of Fe;O,, the magnetic
component occupies more mesopores and thus absorbs more X-
ray energy. The X-ray diffraction path is also interfered and the
contrast between the carbon skeleton and the mesopore is
reduced, resulting in the broadening and widening of small-
angle XRD peaks of magnetic mesoporous carbon composite.
Furthermore, the diffraction peaks slightly shifts to high angle
range for the magnetic mesoporous carbons, suggesting that the
mesopore diameter decreases when magnetic nanoparticles are
introduced into the mesopores of CMK-3.
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Fig. 6 (a) Nitrogen sorption isotherms and (b) pore size distributions of
CMK-3 and Fe;04/CMK-3 composites.

Because of the differences in the density of Fe(NO3); (1.68
¢! em®) and ferrite (~ 5.2 g cm?), metallic Fe (7.86 g"' cm?),
the in situ hydrolysis and pyrolysis processes resulted in a
significant volume contraction of Fe-containing species. More
than 70% volume in CMK-3 carbon occupied by Fe(NO;);
precursor was released after in situ hydrolysis and pyrolysis and
thus more pores in magnetic mesoporous carbons were
generated. Fig. 6 shows the nitrogen sorption isotherms and
pore size distributions of pure CMK-3 and Fe;0,/CMK-3
composites. It can be clearly observed that all nitrogen sorption
isotherms are typical Langmuir IV curves with a HI hysteresis
loop, suggesting separate cylindrical elongate channels in the
samples.*> An obvious jump was occurred in the range of
nitrogen relative pressure P/P, = 0.4-0.6, indicating uniform
mesopore size distribution. The pore size distribution of the
magnetic mesoporous carbons are mostly centered at 4 nm. The
BET surface areas and pore volumes of the magnetic CMK-3
with a low iron loading (4-Fe;0,/CMK-3, 4-Fe/CMK-3 and 4-
v-Fe,03/CMK-3) are as high as 943 m? g”', 1102 m* g”', 1081
m? g' and 0.78 cm® g’, 091 cm’® g' and 0.82 cm?® g,
respectively (Table 1). These values are lower than those (1319
m? g and 1.35 cm® g') of pure CMK-3, implying the pore
filling by magnetic nanoparticles. Further decrease in those
values is reasonably found for the composites with high iron
content, but the BET surface areas are still high, 669 m? g™,
911 m? g™!, and 873 m? g! for 10-Fe;0,/CMK-3, 10-Fe/CMK-3
and 10-y-Fe,O3/CMK-3, respectively (Table 1). The high
porosity in these magnetic samples would reduce the bulk
density of the as-prepared magnetic CMK-3 powders
undoubtedly, making it possible to design a light
electromagnetic wave absorber.

J. Name., 2012, 00, 1-3 | 5
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Table 1 Textural properties of CMK-3 and magnetic mesoporous

carbon composites C
15 ]—4--Fe505/CMK-3 e
_ . 10.17-=~10--Fe04/CMK-3|
Filler content ~BET area  Pore volume Pore size
Sample name
(wt.%) (m’g") (m’ g™ (nm) o) 51 //.’—-———
g o , -
CMK-3 0 1329 1.35 42 8 ) _____———// :
4-Fe;04/CMK-3 20.5 943 0.78 3.7 = 10 / % o _ /
10-Fe;0/CMK-3 395 669 0.47 34 T
54 o
4-Fe/CMK-3 157 1102 0.91 3.9 ol T e 7
10-Fe/CMK-3 318 911 0.68 37 10000  -5000 0 5000 10000
4-y-Fe,03/CMK-3 20.0 1081 0.82 41 Fig. 7 Magnetic hysteresis loolp;ls ”;tﬂ\room temperature of (a)
Fe;04/CMK-3, (b) Fe/CMK-3 and (c) y-Fe,O3/CMK-3. Insets in a-c are
10-y-Fe,05/CMK-3 49,9 873 0.64 3.8 low field hysteresis curves.
Fe-based materials often have intriguing magnetic
properties, and the structures, shape anisotropy and crystallinity
20 of magnetic nanostructured materials can evidently influence
{ —4-Fe30,/CMK-3 a their magnetic properties.®* Thus, the magnetic properties of
1B 10-Fo50,/CMK-3 -7 Fe;0,/CMK-3, Fe/CMK-3 and y-Fe,O;/CMK-3 composites
104 ,7 were further investigated. Fig. 7 show the magnetic hysteresis
—~ 5] / loops (M-H loops) combined with the expanded low-field
‘\;’ | / hysteresis curves (insets) of the magnetic composites measured
€ 0_ at room temperature, which indicate the magnetic properties
L -5 /’ . including the saturation magnetization Ms and coercivity He,
2_10_' / gc —= respectively. As shown Fig. 7a, the magnetic saturation is
1 _-7 =4 reached in the external field of about 10 kOe for Fe;0,/CMK-3.
'15'_ --"7 e o In general, Ms values of magnetic nanomaterials are lower than
2000 — e those of corresponding bulk materials because both the spin
-10000  -5000 0 5000 10000 disorder on the surface and surface defects can significantly
H (Ce) reduce the total magnetic moment.*> Due to non-magnetism of
b carbon constituent and poor crystallinity of magnetic
404 4Fe/CMK-3 .- nanoparticles in the composite, the Ms value of 4-Fe;0,/CMK-
— — 10-Fe/CMK-3 e 3 is only 3.2 emu/g. Because of the nanoscale magnetic
20 / particles limited by the mesopore, thermal disturbance
=) / minimizes the coercive force of magnetic crystal. The inset in
E 0 Fig. 7a clearly shows the Hc value is about 10 Oe for 4-
o /’ i Fe;0,/CMK-3. With the increase in the content of Fe, the Ms
s -20+ AN value of 10-Fe;04/CMK-3 is 15.8 emu/g, still much lower than
Pad 54/ 92 emu/g for bulky Fe;0,.2°® However the He value goes up to
-40 -7 66 Oe for 10-Fe;0,/CMK-3, implying the enhanced shape
A ey T anisotropy of the magnetic crystals. Moreover, in the case of
-1OIOOO -50IOO 0 50I00 1O(I)OO Fe/CMK-3 and y-Fe,03/CMK-3 composites, the Ms values are
H (Oe) about 10.1 emu/g for 4-Fe/CMK-3 and 42.9 emu/g for 10-

Fe/CMK-3, respectively, and the Hc values are about 15 Oe for
4-Fe/CMK-3 and 100 Oe for 10-Fe/CMK-3 (Figure 7b and the
inset). The Ms values are about 4.4 emu/g for 4-y-Fe,O;/CMK-
3 and 15.8 emu/g for 10-y-Fe,O3/CMK-3, respectively, and the
Hc values are about 11 Oe for 4-y-Fe,05/CMK-3 and 36 Oe for
10-y-Fe,03/CMK-3, respectively (Fig. 7c and the inset). The
Ms values for Fe/CMK-3 and y-Fe,O3;/CMK-3 composite are
also significantly lower than the values of bulk materials (Msg,
= 217.6 emu/g; Ms, pe203 = 76 emu/g), respectively. It can be
found that the Ms and Hc values for Fe/CMK-3, Fe;0,/CMK-3,
and y-Fe,03/CMK-3 decreased as the following order: Msg, >

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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MSge304 = MSype203; Hepe > HCpe304 > HCype203- This order is a
key factor to determine their ability of absorbing microwave.
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Fig. 8 (a) Frequency dependences of complex permittivity and (b)
typical Cole-Cole semicircles for 10-Fe;04/CMK-3, 10-Fe/CMK-3 and
10-y-Fe,03/CMK-3 composites

In order to study the interaction mechanism of magnetic
mesoporous carbons and microwave, the complex permittivity
of these magnetic mesoporous carbons were measured in the
range of X-band. Fig. 8a and S2 shows the frequency dependent
complex permittivity of pure CMK-3 and magnetic mesoporous
carbons that are mixed with resin (resin content: 80 wt%).
Because of its good conductivity, carbon has high complex
permittivity. Therefore, when carbon is composited with Fe;O,,
Fe, or y-Fe,O;, the complex permittivity of the as-formed
composite decreases compared to that of pure carbon (Fig. 8a).
The trends of permittivity with frequency for the magnetic
composites are similar to that for pure CMK-3, but the
permittivity values of the magnetic composites are evidently
higher. The real part of complex permittivity (¢') of 4-
Fe;0,/CMK-3 composite decreases from 19.1 to 15.8 (average:
17.1) with increasing the frequency in the X-band (Fig. S2),
while the imaginary part (¢") fluctuates in the range of 2.3-4.1
(average: 3.1). When more magnetic nanoparticles are confined
within the mesopore of CMK-3 carbon, the complex
permittivity of the composites evidently decreases (Fig. S2).
For magnetic composites with higher contents of Fe-containing
species, the ¢' and ¢&" values for three magnetic composites are
almost independent of magnetic species, but a little change can
be found in the following order: &' (10-Fe/CMK-3) > &' (10-y-
Fe,03/CMK-3) > &' (10-Fe;0,/CMK-3); &" (10-y-Fe,03/CMK-

This journal is © The Royal Society of Chemistry 2012
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3) > &" (10-Fe/CMK-3) > ¢" (10-Fe;0,/CMK-3) (Fig. 8a). Fig.
8b presents the curve characteristic of &' versus &". Three
magnetic composites all show a clear segment of two distorted
Cole-Cole semicircles, suggesting the existence of multiple
dielectric relaxations in the magnetic nanocomposites. They are
consistent with the change of their complex permittivity. The
resulting multiple relaxations can result from the interface
polarization which are caused by the heterogeneous interfaces
of magnetic nanoparticles and CMK-3 carbon, and CMK-3
carbon and resin matrix because magnetic mesoporous carbon
composites have very high specific surface areas (600-1100 m?

g-l).36
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Fig. 9 Frequency dependence of complex permeability for (a)
Fe;04/CMK-3, (b) Fe/CMK-3 and (c) y-Fe,O3/CMK-3.

Fig. 9 displays the frequency dependence of complex

permeability of magnetic mesoporous carbons mixed with resin.
The real part of complex permeability (u') of 4-Fe;0,/CMK-3
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sample decreases from 1.1 to 0.8 in the X-band, while its
imaginary part of complex permeability (u”) retains at 0.06-
0.12 (Fig. S3). For the sample with higher content of Fe;O,, the
complex permeability of 10-Fe;04/CMK-3 significantly
increases: ' is about 1.1, and x” increases to about 0.2 (Fig. 9a).
When the magnetic species are Fe nanoparticles, the x” values
of Fe/CMK-3 dramatically increase due to higher Ms and Hc of
Fe as mentioned above. The ¢” values for 4-Fe/CMK-3 and 10-
Fe/CMK-3 are as high as 0.4 and 0.8, respectively (Fig. 9b),
which are significantly higher than those for Fe;0,/CMK-3
samples. Due to the lower magnetism of y-Fe,O; than Fe, the u”
values of y-Fe,O;/CMK-3 samples are smaller than those of
Fe/CMK.-3, and comparable to those of Fe;0,/CMK-3 (Fig. 9).
As seen in Fig. 9, two weak resonance peaks are observed at
9 and 12 GHz, respectively, implying that there are strong
magnetic loss resonances at these two frequencies for magnetic
mesoporous carbons. The magnetic losses for magnetic
materials such as ferrite are mainly derived from domain wall
resonance, hysteresis loss, eddy current loss, natural resonance,
etc.’” The domain wall resonance normally happens at the
frequency lower than 100 MHz, and thus it can be neglected in
the microwave range. The hysteresis loss is produced in a very
strong external magnetic field, and there is no hysteresis loss in
weak magnetic field derived from microwave. Therefore the
eddy current loss and natural resonance loss are key factors
affecting magnetic loss in the frequency range of microwave.
The confinement of the magnetic constituents within
mesoporous carbons evidently increases the p” values of the
magnetic nanocomposites compared to that of pure CMK-3
carbon (Fig. 9 and S3). Thus, the magnetic loss in the
electromagnetic field will enhance the ability of absorbing
microwave for the composite. Because Fe;0,, Fe, and y-Fe,O3
within the mesopore of CMK-3 are ferro-magnetic,
circulating induced current, named as eddy current, is formed
inside the magnetic nanoparticles when the magnetic
nanocomposite exists in an alternating electromagnetic field.
The eddy-current generating heat energy inside the ferro-
magnetic particles is a process of energy loss, also called as
eddy-current loss. According to the literatures,®’® *® there is a
relationship in the eddy-current loss as following equation:

VA TORITAE 2o
3

where f'is the frequency of microwave, yu, is the permeability
of vacuum, o is the electric conductivity of microwave absorber,
and d is the particle diameter of microwave absorber. If the
magnetic loss just results from eddy-current loss, the value of f~
'(u")*1" should be constant.’’*® Fig. 10 shows the values of f
"(u?u" as a function of frequency for 10-Fe;0,/CMK-3, 10-
Fe/CMK-3 and 10-y-Fe,03/CMK-3 composites. It can be found
that the f'(u")2u" value of 10-Fe/CMK-3 significantly changes
as the frequency increases, implying that its magnetic loss
contains not only eddy-current loss, but also magnetic
resonance loss, efc. Both 1'(u')*u" values of 10-y-Fe,O3/CMK-
3 and 10-Fe;04/CMK-3 are nearly independent of the
frequency, showing that their magnetic losses are mainly
ascribed to eddy-current loss.

8 | J. Name., 2012, 00, 1-3
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Fig. 10 Values of f'(u)?u" as a function of frequency for 10-
Fe;04/CMK-3, 10-Fe/CMK-3 and 10-y-Fe,03;/CMK-3 composites

In natural resonance, the resonance frequency f; and
anisotropy field H, are related as following: 2nf, = yH, (y is the
gyromagnetic ratio). And H, is proportional to the anisotropy
constant K; of magnetic crystal, written as H, = 4 | K; |
/3upMs.* The anisotropy constant K, of the cubic Fe;0,, Fe,
and y-Fe,0; is -1.1x10% 4.8x10% -2.5x10* J/m’, respectively.
Therefore, the intrinsic resonance frequency f; in bulk magnetic
material is almost several hundreds of Hz. However, for
nanosized magnetic particles, H, on the surface of magnetic
particles is strongly influenced by nanometer size effect, and it
greatly increases accordingly. It will possibly result in the
resonance frequency f; existed in the range of GHz.** Thus, the
magnetic loss of Fe/CMK-3 nanocomposite in the X-band is
partly due to natural resonance loss derived from nanosized
magnetic nanoparticles.
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Fig. 11 Frequency dependence of the RL values of the (a) 4-
Fe;04/CMK-3, 4-Fe/CMK-3, 4-y-Fe;O3/CMK-3 and (b) 10-
Fe;04/CMK-3, 10-Fe/CMK-3, 10-y-Fe,O3/CMK-3 composite samples
with a matching thickness of 1.6 mm

According to the transmission line theory for a single-layer
absorber, the measured values of &', &”, ¢, and " are used to
determine the RL values of the as-prepared composites based
on a model for a single-layer plane-wave absorber.*' Fig. 11
displays the calculated RL over the X-band of Fe;O0,/CMK-3,
Fe/CMK-3, and y-Fe,05/CMK-3 samples, where the maximum
RL is equivalent to the maximum absorption of incident
microwave power. It can be found that all magnetic
mesoporous carbons demonstrate much better microwave
absorbing properties than pure CMK-3. As a function of
frequency in a matching thickness of 1.6 mm, 4-Fe;0,/CMK-3,
4-Fe/CMK-3, and 4-y-Fe,03;/CMK-3 sample show a maximum
RL of -18.6 dB at 11.8 GHz, -27 dB at10.5 GHz, and -23 dB at
12 GHz, respectively. With increasing the contents of Fe;O4
and y-Fe,O; in CMK-3, both 10-Fe;0,/CMK-3 and 10-y-
Fe,03/CMK-3 samples have a maximum RL of up to -32 dB.
The effective absorption bandwidth with a RL below -10 dB for
these two samples ranges from 10.3 to 12.4 GHz (2.1 GHz in
width). The present magnetic mesoporous carbon
nanocomposites have better microwave absorption properties
than other previously reported nanocomposites as microwave
absorbers. For example, the ternary Fe;O,@polyaniline-based
polymers only exhibited microwave-absorbing properties with a
maximum RL about -18 dB.® The
porous Fe;04/Fe/Si0, core/shell nanorods had a medium RL of
-17 dB.*** In situ polymerized and grafted CMK-3@PMMA
composite had a RL value of -27 dB.'® It can be considered that
the introduction of magnetic constituents into CMK-3
mesoporous carbon improves the magnetic loss and impedance
matching performance of mesoporous carbon and reduces the
reflection of microwave at the interface between air and
absorber. At the same time, the magnetic nanoparticles increase
the interface relaxation and scatter the incident microwave, and
thus promote the ability of absorbing microwave. So the
performance of absorbing microwave for magnetic mesoporous
carbon nanocomposites is greatly improved. The higher
contents of the magnetic nanoparticles the better ability of
absorbing microwave for the composites. At the same time,
ordered carbon mesostructures of magnetic composite can

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

effectively improve the absorption by multi-absorption from
intra-re-reflecting and scattering the incident microwave in the
confined space and at the interface.'®!” However, 4-Fe/CMK-3
has a maximum RL of -27 dB while it is just -12 dB for 10-
Fe/CMK-3 with higher content of Fe. Fe is highly electrically
conductive and itself can reflect much electromagnetic wave.
The high content of Fe in the composite weakens the
impedance matching effect from the addition of magnetic Fe
particles. Therefore, the composite with suitable amount of Fe
nanoparticles has excellent absorbing microwave performance.
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Fig. 12 The RL value of 10-Fe;04/CMK-3 as a function of thickness
and frequency.

Fig. 12 shows the RL values of the 10-Fe;O,/CMK-3
composite at as a function of thickness over the X-band. The
composite has a strong absorbing band with RL values < -10
dB at the matching thickness of 1.6-2.0 mm. The maximum RL
value is -32 dB, and the effective absorption bandwidth is over
2 GHz. With increasing the matching thickness, the absorbing
band gradually shifts to the range of low frequency. Therefore,
the Fe;O04 or y-Fe,O; filled mesoporous carbons with low
thickness has good ability of absorbing microwave, and they
are a kind of high-performance microwave absorber.

4. Conclusions

The magnetic mesoporous carbon composites were successfully
prepared by filling the mesopores with Fe(NO;);3, followed by
in situ hydrolysis, pyrolysis, and reduction process. The
magnetic nanocomposites have high contents of magnetic
constituents, but the magnetic nanoparticles are homogeneously
incorporated into the pores of mesoporous carbon, confirmed
by the electron microscopy measurements. The as-prepared
magnetic mesoporous carbon composites still retain highly
ordered mesoporous structure determined by small-angle XRD,
but they also have high specific surface areas (600-1100 m* g™
and pore volumes obtained from nitrogen sorption
measurements at -196 °C. By measuring the magnetic
hysteresis loops of these magnetic nanocomposites, it is found
that the magnetic constituents are poorly-crystalline
nanoparticles. Their saturation magnetization Ms is evidently
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smaller than bulky magnetic materials, and the thermal
disturbance minimizes the coercive force of magnetic crystal.
When introducing magnetic Fe;O4, Fe, and vy-Fe,O3
nanoparticles into mesoporous carbons, the complex
permittivity decreases while the complex permeability increases
compared to pure mesoporous carbon. Thus the impedance
matching performance of these composites is improved, which
increases the microwave absorbing ability. The magnetic
constituents in the nanocomposites greatly increase magnetic
loss ability, and high specific surface areas are beneficial for
interface polarization. The specific ordered mesochannels of
magnetic composites lead to multi-reflection and multi-
scattering of the incident microwave. As a result, 10-
Fe;04/CMK-3 and 10-y-Fe,O3/CMK-3 composites exhibit
excellent microwave absorption properties. The maximum RL
is -32 dB for the composite with a matching thickness of 1.6
mm and the bandwidth (RL lower than -10 dB) is over 2 GHz
in the X-band. The present results show that the as-prepared
magnetic mesoporous carbon nanocomposites can be used as
highly effective microwave absorbing materials, and their
ability of absorbing microwave can be adjusted by introducing
different magnetic components and controlling the contents of
magnetic nanoparticles. This research opens a new method and
idea for developing novel mesoporous carbon composites as
high-performance microwave absorbing materials.
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