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nd microwave absorption
investigation of activated carbon@Fe3O4

composites in the low frequency band

Pengfei Yin, a Yu Deng,*b Limin Zhang,c Ning Li,c Xing Feng,a Jian Wanga

and Yi Zhanga

Activated carbon@Fe3O4 composites with good electromagnetic wave absorption performances in the low

frequency range were synthesized via the hydrothermal method. The crystal structure, microstructure,

magnetization properties, frequency-dependent electromagnetic properties and microwave absorption

properties of the as-prepared composites were characterized via XRD, VSM, SEM, TEM and VNA,

respectively. The results indicated that the electromagnetic wave absorption performance of the

composites can be adjusted through the addition of activated carbon. A suitable loading content of

Fe3O4 NPs on activated carbon can also enhance the microwave absorption performance of the

composites. The synergy of dielectric and magnetic loss is the main electromagnetic wave absorption

mechanism, and the maximum RL of �10.08 dB at 1.75 GHz with a �5 dB bandwidth over the frequency

range of 1.55 GHz (1.07–2.62 GHz) is obtained when the percentage of Fe3O4 NPs and the thickness of

the composites are 74 wt% and 5 mm, respectively. Hence, the composite reported in this study can be

used as a promising microwave absorbing material in the low frequency range of 0.5–3 GHz.
1. Introduction

Nowadays, with the rapid development of modern radars and
electronic devices, increasing attention has been given to elec-
tromagnetic wave absorbing materials within the GHz range.1–4

However, in particular, the detection frequency band of ship-
based phased array radars used today is located in the low
frequency range of the S-band, and the working frequency range
of many space-based radars has been extended to 1.2 GHz thus
far. In addition, the radiant frequency range of electronic
devices used in daily life is focused in the low frequency band.
Nevertheless, the existing investigations on electromagnetic
wave absorbing materials are mainly focused on the 2–18 GHz
range, and the microwave absorption of these materials is very
poor in the low frequency electromagnetic wave region, partic-
ularly in the range of 1–2 GHz. This poses a signicant chal-
lenge in the design and development of materials with good
absorption ability in the low frequency band.5,6

In recent years, a variety of materials that can attenuate
electromagnetic waves by dissipating them via interference or
converting them into heat have been studied extensively,
including dielectric materials,7,8 magnetic metals,9,10 conductive
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macromolecules,11,12 and ferrites. Among them, carbon mate-
rials have been extensively investigated due to their excellent
properties, such as outstanding chemical stability, high elec-
trical conductivity, and unique structures.13–15 However, it is
almost impossible obtain excellent electromagnetic wave
absorption performance using unmodied carbon materials
due to unilateral dielectric loss. Thus, to optimize the properties
of carbon materials as electromagnetic wave absorbers, they
need to be modied and composited with other nanomaterials
possessing different electromagnetic lossmechanisms, which is
a promising way to improve their microwave absorption
properties.16,17

During the past decades, numerous investigations have been
conducted to decorate carbon materials with ferrites to prepare
magnetic nanoparticles due to their special magnetic proper-
ties, strong absorption performance, low cost, etc. Heidari
et al.18 researched the microwave absorption performance of
ZnO/Fe3O4/GO nanocomposites in the frequency range of 5–8
GHz. Their results showed that the dispersion of nanoparticles
can be improved by increasing the homogenizer speed, which
leads to an increase in absorption bandwidth; also, graphene
oxide has an important effect on absorption compared with the
composites without graphene oxide. Wang et al.19 fabricated
hollow ZnFe2O4 microspheres@rGO decorated with TiO2

nanosheets via a two-step hydrothermal method. The electro-
magnetic wave absorption properties of the ZnFe2O4@-
rGO@TiO2 composites indicate that their maximum reection
loss can be enhanced signicantly, achieving �55.6 dB at 3.8
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Measurement of S-parameters using the coaxial transmission
and reflection method.
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GHz for a coating thickness of 2.5 mm, and the maximum
absorption bandwidth exceeding �10 dB was about 6.4 GHz.
Hou et al.20 fabricated MWCNTs/Fe3O4 composites via the
hydrothermal synthesis method, and their microwave absorp-
tion performance was also studied in the frequency range of the
X-band. With an increase in the content of Fe3O4, the maximum
reection loss of �18.22 dB at 12.05 GHz was achieved for
enhancing the magnetic loss of the composites. Sardarian
et al.21 prepared Fe3O4/BaTiO3@MWCNT ternary composites
and investigated the synergistic mechanism of their enhanced
microwave absorption performance; the microwave absorption
of the composites improved in the low frequency band with an
increase in the content of magnetic particles.

Among the present investigations, various types of carbon
materials have been widely studied, such as CNTs (MWCNTs),
graphene (graphene oxide), and carbon bers, while the
microwave absorption performance of activated carbon has
rarely been reported. Activated carbon is also a type of favour-
able carrier in many areas due to its loose structure. Moreover,
as a type of magnetic ferrite, Fe3O4 has been extensively used to
absorb electromagnetic waves due to its high magnetic loss and
Curie temperature.22 However, the imaginary part of the
permeability is much larger than that of the permittivity in pure
Fe3O4 particles, which leads relatively poor impedance match-
ing. Thus, combining Fe3O4 particles with activated carbon may
be a promising route to improve their electromagnetic wave
absorption performance.

Therefore, due to its excellent dielectric properties, activated
carbon was employed as a dielectric absorbent carrier to
composite with Fe3O4 nanoparticles (denoted as Fe3O4 NPs
henceforth) in this study. The as-prepared activated
carbon@Fe3O4 composites were synthesized via the hydro-
thermal method due to its high efficiency and convenience. In
addition, the phase identication, microstructure, magnetiza-
tion curves and microwave absorption properties of the as-
prepared composites were characterized via XRD, VSM, SEM,
TEM and Vector Network Analysis (VNA), respectively. The
results indicated that the activated carbon@Fe3O4 composites
can be used as a new candidate for microwave absorption in the
low frequency band of 0.5–3 GHz.

2. Experimental
2.1. Synthesis of activated carbon@Fe3O4 composites

Analytically pure activated carbon micropowder, used in our
investigation, was purchased from Chongqing MaoYe Chemical
Reagent Co. Ltd, China. Fe3O4 NPs coated on activated carbon
were prepared via the hydrothermal synthesis method.23 In
detail, 3.95 g ferric chloride hexahydrate (FeCl3$6H2O) was
added to 80 mL ethylene glycol to form a clear solution. Then,
8.75 g sodium acetate trihydrate (NaAc) and different amounts
of activated carbon were consecutively added into the above-
mentioned solution with continuous stirring and ultrasonic
dispersion for 30 min. Subsequently, the obtained mixed solu-
tion was directly sealed into a 100 mL Teon-lined stainless-
steel autoclave and the temperature was maintained at 200 �C
for 12 h. Aer cooling the autoclave to room temperature, the
This journal is © The Royal Society of Chemistry 2018
precipitate was separated from the solution using a magnet.
Then, the as-prepared black product was washed with distilled
water and ethanol three times, in sequence, and dried at 50 �C
for 6 h. To understand the inuence of the Fe3O4 NPs content
on the microwave absorption performance, ve samples con-
taining 0, 27, 53, 74, and 100 wt% Fe3O4 NPs (denoted as acti-
vated carbon, 27% Fe3O4, 53% Fe3O4, 74% Fe3O4 and pure
Fe3O4, respectively) were prepared using the same method
described above. Ferric chloride hexahydrate and NaAc were
purchased from Chengdu KeLong Chemical Reagent Co. Ltd,
China, and ethylene glycol was purchased from Sinopharm
Chemical Reagent Co. Ltd, China. All chemicals were analytical
pure and used without further purication.
2.2. Characterization

The microstructure and elemental distribution of the compos-
ites were observed and investigated via scanning electron
microscopy (SEM) on a Hitachi S-4800 and transmission elec-
tron microscopy (TEM) on a JTM-2100. The crystal structure and
phase components were measured by the Rigaku D/MAX-2004
X-ray diffractometer with Cu-Ka radiation (l ¼ 0.15418 nm).
The magnetization curves of the composites were determined
on a Q-VSM vibrating specimen magnetometer (VSM). Paraffin
was employed as the agglomerant to adhere the activated
carbon@Fe3O4 particles, and a physical hybrid method was
used to prepare the activated carbon@Fe3O4/paraffin compos-
ites with the mass ratio of activated carbon@Fe3O4 and paraffin
xed at 1 : 1 because the mixtures would have become very hard
to shape when the particles were overloaded. Then, the
produced mixtures were pressed into a toroidal shape with an
outer diameter of 7 mm, inner diameter of 3.04 mm, and
thicknesses of 2–5 mm. Thus, the S-parameters (i.e. S11 and S21)
could be measured with the coaxial transmission and reection
method at 0.5–3 GHz on a TIANDA TD3618C Vector Network
Analyzer, and the details of the practical measurement process
at room temperature are shown in Fig. 1. Finally, the electro-
magnetic parameters (i.e. relative complex permittivity and
permeability) of the composites were calculated according to
the theory of Nicolson and Ross.24

The dielectric loss tangent, magnetic loss tangent and
frequency dependent Zin/Z0 values of the activated
carbon@Fe3O4/paraffin composites were calculated based on
the transmission line theory and the electromagnetic
RSC Adv., 2018, 8, 23048–23057 | 23049
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Fig. 3 Hysteresis loops of the activated carbon@Fe3O4 composites
and pure Fe3O4 NPs.
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parameters measured above. The input impedance Zin can be
expressed as follows:25

Zin ¼ Z0

ffiffiffiffiffi
mr

3r

r
tanh

�
j
2pfd

c

ffiffiffiffiffiffiffiffi
mr3r

p �
(1)

where d is the thickness of the material, f the frequency, c the
velocity of light, mr the relative complex permeability, and 3r the
relative complex permittivity. Therefore, the reection loss
(henceforth denoted as RL) of incident electromagnetic waves at
the surface of the absorbing materials is given as follows:

RL ¼ 20 log

����Zin � Z0

Zin þ Z0

���� (2)

where Z0 is the impedance of air. In addition, the entire
computation procedure was programmed with Matlab
language, which was used to calculate the electromagnetic
parameters, dielectric and magnetic loss tangent, and the nal
microwave reection loss.
3. Results and discussion

The crystal structures of the activated carbon@Fe3O4 compos-
ites were measured using an XRD diffractometer. Fig. 2 presents
the diffraction patterns of the as-prepared samples. The char-
acteristic diffraction peaks at 2q¼ 31.24�, 36.82�, 44.76�, 55.62�,
59.30� and 65.19� are in good agreement with the (220), (311),
(400), (422), (511) and (440) planes of Fe3O4, respectively, as
reported in the standard card (JCPDS card no. 26-1136).26 Also,
the peak at about 2q ¼ 26.20� is assigned to the (002) plane of
the uffy structured activated carbon (JCPDS card no. 26-
1076).27 It is observed that the intensity of the Fe3O4 diffraction
peaks enhance with an increase in the Fe3O4 NP loading content
and that of the activated carbon decrease during the same
process. This above phenomenon suggests that the Fe3O4 NPs
may be successfully introduced on the uffy structured acti-
vated carbon.
Fig. 2 X-ray diffraction patterns of the activated carbon@Fe3O4

absorbing composites.

23050 | RSC Adv., 2018, 8, 23048–23057
To verify themagnetic properties of the as-prepared samples,
their hysteresis loops were measured using VSM at room
temperature, as shown in Fig. 3. It is observed that the satura-
tion magnetization of the composite is strongly related to the
loading content of Fe3O4 NPs, and higher loading content leads
to larger saturation magnetization. The saturation magnetiza-
tion values of 24.07 emu g�1, 47.25 emu g�1, 62.43 emu g�1 and
85.05 emu g�1 correspond to 27% Fe3O4, 53% Fe3O4, 74% Fe3O4

and pure Fe3O4 NPs, respectively. Moreover, the remanences
and coercivities of the samples are both relatively low, which
suggests that the hysteresis loops of the composites exhibit
typical paramagnetic behavior.

Fig. 4 shows the microstructures of activated carbon, Fe3O4

NPs and activated carbon@Fe3O4 composites. It shows that the
size of the activated carbon is much larger than that of the
Fe3O4 NPs prepared via the hydrothermal synthesis method,
and the surface of the activated carbon is relatively irregular.
The ne Fe3O4 NPs present a ball-like structure and many of
them form porous structures by agglomerating with each other.
When the loading of the Fe3O4 NPs was relatively low in the
composites, there were only a few Fe3O4 NPs loaded on the
surface of the activated carbon in the eld of view, as shown in
Fig. 4(b). This is because the density of activated carbon is much
lower than that of Fe3O4. Thus, a low mass content of Fe3O4

results in the amount of activated carbon particles being much
more than that of the Fe3O4 NPs. Therefore, the loading capacity
of Fe3O4 NPs on the activated carbon is relatively low. This
situation was improved when the mass content of Fe3O4 was
53 wt%, where the activated carbon particles were dispersed in
the agglomerations of Fe3O4 NPs. However, it was observed that
some of the activated carbon particles were not coated well by
the agglomerated Fe3O4 NPs, as shown in Fig. 4(c). Neverthe-
less, as shown in Fig. 4(d), the loading capacity was signicantly
enhanced with a further increase in the content of Fe3O4 NPs,
and most of the activated carbon particles were coated by the
agglomerated Fe3O4 NPs. To the best of our knowledge, acti-
vated carbon is a dielectric loss absorber, and the microwave
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 SEM images of activated carbon (a), 27 wt% Fe3O4 (b), 53 wt% Fe3O4 (c), 74 wt% Fe3O4 (d) and pure Fe3O4, (e) and macro-morphology of
the activated carbon@Fe3O4 composite (f).
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absorption of Fe3O4 NPs mainly depends on magnetic loss. It is
common knowledge that a modest ratio of complex perme-
ability and permittivity is an important factor in determining
the impedance matching of absorbing materials. Thus, the
improved impedance matching of the activated carbon@Fe3O4

composites plays an important role in increasing their micro-
wave absorption. Furthermore, the as-prepared composites are
paramagnetic and can be attracted by a magnet due to the
loading of Fe3O4 NPs on activated carbon, which is shown in
Fig. 4(f).

The TEM images and corresponding elemental distributions
of the composite with 74 wt% Fe3O4 NPs are shown in Fig. 5. As
shown in Fig. 5(a), the as-prepared Fe3O4 NPs are all close to
spherical in shape with particle sizes mainly concentrated at
about 250 nm. From the HR-TEM image in Fig. 5(b), the good
grain orientation of a single Fe3O4 nanoparticle can be observed
clearly, and the SAED pattern in this region also demonstrates
the crystalline feature of the Fe3O4 NPs. Furthermore, the crystal
lattice fringes with a spacing of 0.256 nm can be assigned to the
(311) plane of Fe3O4, which is in accordance with the XRD
results. In addition, the distribution of elements in the activated
carbon@Fe3O4 composite was determined from the corre-
sponding elemental mapping images, as shown in Fig. 5(c–f), in
which it can be observed clearly that the composite consists of
This journal is © The Royal Society of Chemistry 2018
Fe, O and C elements. The distribution area of C is signicantly
larger than the corresponding areas of Fe and O, indicating that
the Fe3O4 NPs are distributed on the surface of the activated
carbon. Thus, combined with the XRD, VSM and SEM results,
we can conclude that the Fe3O4 NPs adhered tightly to the
surface of the activated carbon.

Furthermore, electromagnetic wave absorption performance
of the activated carbon@Fe3O4 composites was investigated.
Fig. 6 displays the complex permittivity (3 ¼ 30 � j300) and
permeability (m ¼ m0 � jm00) of activated carbon@Fe3O4

composites, which were calculated from the S-parameters
measured earlier. These electromagnetic parameters are very
important in determining the dielectric and magnetic loss of
microwave absorption composites, and the transmission and
reection of electromagnetic waves during the absorption
process are also affected by them.28 From Fig. 6(a) and (b), it can
be observed that the real part of permittivity of all the samples
decrease with an increase in frequency, and the content of
Fe3O4 NPs has a signicant effect on the real part of permittivity
of the as-prepared composite, which increases with an increase
in the Fe3O4 NPs loading on the activated carbon. In contrast,
the values of the imaginary part rst increased and then
decreased as the frequency increased. It can be noted that the
imaginary part of the pure Fe3O4 NPs is larger when the
RSC Adv., 2018, 8, 23048–23057 | 23051
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Fig. 5 TEM image (a), HR-TEM image (b), and corresponding
elemental mapping images (c–f) of the activated carbon@Fe3O4

composites.
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frequency is relatively lower, and it decreases rapidly as the
frequency increases. However, this situation can be improved
with the addition of activated carbon, although the values of the
imaginary part of the composites decrease to some extent in the
low-frequency domain. The imaginary part of the composite
with 74 wt% Fe3O4 NPs shows a relatively higher value
throughout the measurement range among the samples.
Usually, the imaginary part of permittivity represents the
dielectric dissipation ability of microwave energy,29 which
indicates that the dissipation ability of the composite with
74 wt% Fe3O4 NPs may be better in the entire frequency range.
Moreover, we can nd that the complex permittivity of the
composites exhibits evident frequency dependent dielectric
properties. Generally, in the gigahertz frequency range, the
permittivity presents a strong dependence on inherent dipole
polarization and interfacial polarization, and the displacement
current generated from this process always lags behind the
build-up potential when the frequency increases. Thus, the real
and imaginary parts of permittivity present frequency-related
properties.30 Moreover, it is clear that there is a slight effect
on the enhancement of the imaginary part of permittivity when
the content of Fe3O4 NPs is lower. Hence, it can be concluded
that fewer Fe3O4 NPs loaded on activated carbon may have not
much effect on enhancing the polarization. Besides, according
to the relationship between resistivity and the imaginary part of
permittivity:31
23052 | RSC Adv., 2018, 8, 23048–23057
r ¼ 1

u30300
(3)

where, r is the resistivity, 30 the dielectric constant of free space,
and u the angular frequency. Therefore, the resistivity of the
composite with 74 wt% Fe3O4 NPs is themaximum at 3 GHz and
minimum at 0.5 GHz among the as-prepared samples, and the
resistivity of the composites can be adjusted under the
measured frequency range by controlling the content of Fe3O4

NPs loaded on activated carbon.
Fig. 6(c) and (d) display the real and imaginary parts of

permeability as a function of frequency. It is observed that the
real part of permeability only slightly increases when the
loading content of Fe3O4 NPs is low. However, it is signicantly
enhanced with a further increase in Fe3O4 NPs. This is because
the real part of permeability is related to saturation magneti-
zation, Ms, as follows:32

m0 f 4pMs (4)

Also, the Ms of the composites increases signicantly with
higher loading of Fe3O4 NPs, which leads to the enlargement of
the real part of permeability. Besides, it is evident that the real
part of permeability of the composites with different loading
contents of Fe3O4 NPs increases with an increase in frequency.
Moreover, the imaginary part of permeability of the composites
has the same variation trend as the real part of permeability; the
difference is that a smooth peak value of 2.92 at 2.83 GHz could
be observed when the loading content of Fe3O4 NPs is 74 wt%.
This demonstrates that the excessive loading of Fe3O4 NPs is
unable to enhance the imaginary part of permeability further in
the high frequency domain. It is due to that the resonance peak
in the imaginary part is ascribed to the domain wall resonance
and natural resonance of Fe3O4 NPs loaded on the activated
carbon.33

In addition, it can be noted that the complex permittivity and
permeability of the activated carbon@Fe3O4 composites are
signicantly lower than that of the Fe3O4 NPs. The permittivity
and permeability of the composites can be adjusted with the
addition of activated carbon because the complex permittivity
and permeability of activated carbon are much less than that of
the Fe3O4 NPs. Hence, the permittivity and permeability of the
activated carbon@Fe3O4 composites are reduced with the
addition of activated carbon, which indicates that the m0/30 ratio
of the activated carbon@Fe3O4 composites can be adjusted in
different frequency domains by controlling the content of acti-
vated carbon. According to the impedance matching theory, the
incident microwaves can have much easier access to the mate-
rials to be dissipated when their permeability is closer to their
permittivity, which is benecial to improve the microwave
absorption properties of the composites.

Fig. 7(a) and (b) show the dielectric and magnetic loss
tangent as a function of frequency, which can be calculated
based on the measured electromagnetic parameters above. The
results indicate that the dielectric loss tangent of the pure Fe3O4

NPs rst increases and then decreases as the frequency
increases, particularly in the high frequency domain, it
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Frequency dependence of the real part (a) and imaginary part (b) of complex permittivity, and real part (c) and imaginary part (d) of
complex permeability of the activated carbon@Fe3O4 composites with thickness of 5 mm.
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decreases rapidly. In contrast, the dielectric loss tangent of the
activated carbon increases continuously with an increase in
frequency, which demonstrates the excellent dielectric loss
properties of activated carbon. Consequently, the loading of
Fe3O4 NPs on activated carbon takes advantage of this superi-
ority to improve the dielectric loss properties of the pure Fe3O4

NPs in the high frequency domain. Moreover, it can be noted
that the magnetic loss tangent of the Fe3O4 NPs is a slightly
Fig. 7 Frequency dependence of the dielectric loss tangent (a) and mag
thickness of 5 mm.

This journal is © The Royal Society of Chemistry 2018
larger than that of the activated carbon in the low frequency
domain; nonetheless, it reduces sharply as the frequency
increases. The magnetic loss tangent of the composite with
74 wt% Fe3O4 NPs is relatively higher in the entire measured
frequency range with a peak value of 1.13 at 1.8 GHz. This is
mainly because the morphology of the Fe3O4 NPs prepared via
the hydrothermal synthesis method is ball-like. In fact, the
ake-shaped particles with planar anisotropy have higher
netic loss tangent (b) of the activated carbon@Fe3O4 composites with
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magnetic loss tangent than the sphere-shaped particles due to
their higher Snoek's limits,34–36 which leads to the magnetic loss
properties of the as-prepared pure Fe3O4 NPs not being suffi-
ciently large. Nevertheless, the loading of the Fe3O4 NPs on
activated carbonmaymodify the magnetic loss properties of the
composites to a certain extent, and the magnetic loss tangent
slightly increases with an increase in the Fe3O4 NPs loading
content.

Furthermore, it can be noted that the dielectric and
magnetic loss tangent of the composites can both achieve
higher values when the loading content of Fe3O4 NPs on acti-
vated carbon is within a proper range. This is because the
interface polarization is enhanced with an increase in charges
transferring through the interfaces between the Fe3O4 NPs and
activated carbon. Moreover, it can be also found that the
magnetic loss tangent is only slightly larger than the dielectric
loss tangent, which indicates that both the dielectric and
magnetic loss contribute to the microwave absorption in the as-
prepared composites.

Usually, the microwave reection loss can be used to char-
acterize themicrowave absorption properties of materials. Fig. 8
presents the microwave reection losses of the activated
carbon@Fe3O4 composites with different absorption thick-
nesses, which were calculated according to the measured elec-
tromagnetic parameters and transmission line theory. As
shown in Fig. 8(a), the reection loss of the electromagnetic
wave increases as the frequency increases. Moreover, the RL
curve is enhanced with an increase in the loading content of
Fe3O4 NPs. Also, no electromagnetic wave absorption peak was
Fig. 8 Frequency dependence of the microwave reflection loss curves a

23054 | RSC Adv., 2018, 8, 23048–23057
observed in the measurement range when the thickness of the
composites was 2 mm. In addition, compared to the pure Fe3O4

NPs, it is interesting to note that the electromagnetic wave
absorption ability of the composite is stronger when the loading
content of Fe3O4 NPs is 74 wt%, which indicates that the
microwave absorption properties are enhanced when a suitable
content of activated carbon was added. This is because the
electromagnetic wave absorption of the pure Fe3O4 NPs is
mainly due to natural resonance and domain wall resonance,
and the addition of activated carbon in a suitable range could
introduce the dielectric loss of activated carbon and also
enhance the interface polarization between the interface of the
Fe3O4 NPs and activated carbon. The absorption bandwidths
with an RL curve lower than �5 dB at the thickness of 2 mm are
0 GHz, 0 GHz, 0.11 GHz (2.89–3 GHz), 0.74 GHz (2.26–3 GHz)
and 0.53 GHz (2.47–3 GHz), which correspond to the activated
carbon, 27% Fe3O4, 53% Fe3O4, 74% Fe3O4 and pure Fe3O4,
respectively. Nevertheless, the bandwidths of the composites
add up to 0.34 GHz (2.66–3 GHz), 0.48 GHz (2.52–3 GHz), 0.44
GHz (2.56–3 GHz), 1.34 GHz (1.66–3 GHz) and 1.1 GHz (1.9–3
GHz) when the thickness of the sample is 3 mm. Also, in
particular, a single absorption peak of 74% Fe3O4 starts to
appear because the materials with increased thickness exhibi-
ted more efficient microwave absorption.

The microwave reection losses of the activated
carbon@Fe3O4 composites at the thickness of 4 mm are shown
in Fig. 8(c), which demonstrates that the maximum RL peaks of
the samples appeared in this measurement range. However, the
absorption intensity of the 74 wt% Fe3O4 composite is almost
t different thicknesses of 2 mm (a), 3 mm (b), 4 mm (c) and 5 mm (d).

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Plots of 30–300 for pure Fe3O4 (a), 27% Fe3O4 (b), 53% Fe3O4 (c) and 74% Fe3O4 (d) with thickness of 5 mm.

Fig. 10 Frequency dependent Zin/Z0 values of the activated
carbon@Fe3O4 composites with thickness of 5 mm.
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the same as that of pure Fe3O4, while both the RL peak position
and bandwidth of the former are relatively lower. Thus, it is
clear that the electromagnetic wave absorption performance of
the Fe3O4 NPs in the low frequency band can be improved by
loading them on activated carbon with a suitable content, e.g.,
the maximum reection loss is �9.5 dB at 2.14 GHz with a �8
dB bandwidth over the frequency range of 0.84 GHz (1.75–2.59
GHz) when the content of Fe3O4 NPs is 74 wt%.

The as-prepared activated carbon@Fe3O4 composites have
greater effect on the microwave absorption in the measurement
This journal is © The Royal Society of Chemistry 2018
frequency range when their thickness is 5 mm, and their RL
curves are presented in Fig. 8(d). It can be observed that
reection absorption peaks appeared in all the samples with
different loading contents of Fe3O4 NPs, and the position of the
RL peaks also shied to a lower frequency range, particularly for
the 74 wt% Fe3O4 sample. This is due to the quarter wavelength
resonance effect, and the matching mode can be expressed as
follows:37

f ¼ nc

4d
ffiffiffiffiffiffiffiffi
mr3r

p (5)

where d is the thickness of the absorber, c the velocity of light in
free space, 3r the complex permittivity, and mr the complex
permeability. From eqn (5), we can easily nd that the reso-
nance frequency is strongly dependent on the thickness of the
absorber. Hence, both the position and peak value of the
maximumRLmoved to a lower frequency range as the thickness
of the absorber increased. Moreover, this result also suggests
that a suitable loading content of Fe3O4 NPs on the activated
carbon can enhance the electromagnetic wave absorption
performance of the composites. Furthermore, the position,
intensity, and absorption bandwidth of the absorption peak can
also be adjusted. The maximum RL of the 74 wt% Fe3O4 sample
is �10.08 dB at 1.75 GHz with a �5 dB bandwidth over the
extended frequency range of 1.55 GHz (1.07–2.62 GHz). This is
because the primary electromagnetic wave absorption mecha-
nisms of the Fe3O4 NPs are natural resonance and domain wall
resonance, while the absorption of the activated carbon
depends on dipole polarization, as mentioned above.
RSC Adv., 2018, 8, 23048–23057 | 23055
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Table 1 Comparison of the microwave absorption performances between the activated carbon@Fe3O4 composites and other representative
composites reported in the recent literature

Material Thickness RL < �5 dB RL < �10 dB Minimum RL Ref.

AC@Fe3O4 (74% NPs) 2 mm 2.26–3 GHz — �8.99 dB This work
AC@Fe3O4 (74% NPs) 3 mm 1.66–3 GHz — �10.09 dB This work
AC@Fe3O4 (74% NPs) 4 mm 1.35–3 GHz — �9.51 dB This work
AC@Fe3O4 (74% NPs) 5 mm 1.07–2.62 GHz — �10.08 dB This work
ZnO/Fe3O4/GO 2 mm 6.4–8 GHz — �7.2 dB 18
ZnFe2O4@rGO@TiO2 2.5 mm — 2.8–5.4 GHz �55.6 dB 19
MWCNTs/Fe3O4 2 mm — 10.9–12.4 GHz �18.22 dB 20
GO/CNT-Fe3O4 5 mm — 3.5–4.5 GHz �37.3 dB 41
PANI/Fe3O4/MWCNT 4 mm — 8–15 GHz �16 dB 42
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Consequently, the electromagnetic wave absorption mecha-
nism of the activated carbon@Fe3O4 composite will have
a synergetic effect from its different components, i.e., its nal
electromagnetic wave absorption is a synergy of dielectric and
magnetic loss.38 Moreover, the interface polarization between
the surfaces of the two components will also contribute to the
absorption. This is because the real and imaginary parts of
permittivity will satisfy the follow equation according to the
Debye theory:39

(30 � 3N)2 + (300)2 ¼ (3s � 3N)2 (6)

where 3N is the dielectric constant at innite frequency, and 3s

the static dielectric constant. Hence, the 30–300 curve deduced
from eqn (6) would be in the form of a semicircle, which is
termed as the Cole–Cole semicircle and is caused by one Debye
dipolar relaxation of heterogeneous interface polarization. The
30–300 curves of the composites with thickness of 5 mm are dis-
played in Fig. 9, which indicates that there is only one Cole–Cole
semicircle for the Fe3O4 NPs, as shown in Fig. 9(a). This indi-
cates that there is a single relaxation process for the pure Fe3O4

NPs. However, it can be observed that the plots of the activated
carbon@Fe3O4 composites have more semicircles, suggesting
that the addition of activated carbon results in multiple
dielectric relaxation processes in the composites. This is
attributed to the interface polarization generated at the inter-
faces between the Fe3O4 NPs and activated carbon. In particular,
the 74 wt% Fe3O4 composite presents ve distinct Cole–Cole
semicircles, implying that ve dielectric relaxation processes
are generated during the absorption of microwaves, which
makes a signicant contribution to the enhancement of its
electromagnetic wave absorption performance.40 Moreover, the
frequency dependent Zin/Z0 values of the activated
carbon@Fe3O4 composites with thickness of 5 mm were also
calculated, as shown in Fig. 10. It can be observed that the Zin/Z0
value of the 74 wt% Fe3O4 sample is close to free space when the
frequency is about 1.89 GHz, while that of the pure Fe3O4 NPs is
nearly equal to 2.43 GHz. This indicates that the impedance
matching properties of 74 wt% Fe3O4 are better in the low
frequency band, and more microwaves will transmit into the
absorber, which will result in better microwave absorption
performance in the low frequency band.

The detailed microwave absorption performances of acti-
vated carbon@Fe3O4 composites and a comparison of other
23056 | RSC Adv., 2018, 8, 23048–23057
representative composites are summarized in Table 1.18–20,41,42

As shown in Table 1, carbon materials are oen composited
with ferrites to optimize their microwave absorption properties.
Thus, the composites simultaneously present both dielectric
loss and magnetic loss, which are highly conducive to their
microwave absorption performance. Moreover, this nding
indicates that most of the composites based on carbon mate-
rials and ferrites have stronger microwave absorption ability in
the frequency range of 2–18 GHz, in which above 90% micro-
wave energy can be dissipated as the RL is below �10 dB.
Moreover, the absorption frequency range of the as-prepared
activated carbon@Fe3O4 composite in the present study is the
lowest compared with those obtained in other investigations,
and its absorption band shis further to lower frequency as its
thickness increases.

Overall, activated carbon@Fe3O4 composites with superior
absorption performances in the low frequency band can be
obtained by controlling the loading content of Fe3O4 NPs on
activated carbon. Most importantly, the hydrothermal method
used in our preparation is relatively simple with no need for
complex reactions and treatments. Hence, the composite re-
ported herein can be used as a promising electromagnetic wave
absorbing material in the low frequency band of 0.5–3 GHz.
4. Conclusions

In summary, activated carbon@Fe3O4 composites were
synthesized via the hydrothermal synthesis method, and their
electromagnetic wave absorption performances were also
investigated in the low frequency band of 0.5–3 GHz. Dielectric
and magnetic loss both contribute to the electromagnetic wave
absorption performance of the activated carbon@Fe3O4

composites, and the loading content of Fe3O4 NPs on activated
carbon can modify their electromagnetic wave absorption
properties. The maximum RL of �10.08 dB at 1.75 GHz with
a �5 dB bandwidth over a broad frequency range of 1.55 GHz
(1.07–2.62 GHz) was obtained when the percentage of Fe3O4 NPs
and thickness of the composite were 74 wt% and 5 mm,
respectively. This investigation presents a facile method to
fabricate electromagnetic wave absorption composites with
good performances in the low frequency band and suggests that
activated carbon@Fe3O4 composites are promising candidates
for electromagnetic wave absorption in the low frequency band
of 0.5–3 GHz.
This journal is © The Royal Society of Chemistry 2018
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