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ABSTRACT

Due to strong magnetism along with low density and low percolation threshold,

hollow Fe3O4 nanostructures have important potential applications in absorbing

materials. In this work, Fe3O4 nanotubes with both dielectric and magnetic

losses, namely bi-loss features, were obtained through two-step chemical

methods (hydrothermal method and activated carbon reduction). The Fe3O4

nanotubes show high dielectric loss due to the electronic relaxation polarization,

and the concentration dependence of dielectric properties for Fe3O4 nanotubes

composite can be well described by the effective dielectric theory. In comparison

with bulk Fe3O4 with natural ferromagnetic resonance around 1.2 GHz, the as-

prepared Fe3O4 nanotubes present a natural resonant peak at 4 GHz frequency,

leading to the higher magnetic loss in the radar band (2–18 GHz). Therefore, the

Fe3O4 nanotubes show better microwave absorption with minimum reflection

loss up to -50.94 dB compared with other Fe3O4 nanostructures. Moreover,

double loss peaks were observed in 70 and 80 wt% samples with thickness of

5 mm, making this material a good candidate for designing broadband metas-

tructure absorber.

Introduction

Microwave absorption materials have attracted tremen-

dous attention [1–6] owing to their military and civil

application such as converting electromagnetic energy

into heat, microwave darkrooms and microwave inter-

ference protection [7]. Possessing aligned magnetic

dipoles under electromagnetic fields [8], magnetic [9]

and multiferrite materials [10] coupled with failure

mechanisms are not only critical in the investigation of

electromagnetic and mechanical–magnetic response

materials and devices [11–16], but also greatly contribute

to microwave absorption applications [17–23] due to the

fact that it is easy to fabricate thinner absorbers than non-

magnetic materials. In addition, ferrites can avoid the

skin effect at high frequency owing to their high
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resistivity. Therefore, electromagnetic wave can be

attenuated efficiently. Recently, there been a growing

and widespread interest in nanostructured magnetite

(Fe3O4) as a potential microwave absorbing materials

due to its higher dielectric and magnetic loss. For

example, Liu et al. [24] prepared elliptical Fe3O4 nanor-

ings, which exhibited significantly enhanced microwave

absorption performance compared with Fe3O4 circular

nanorings. Wen et al. [25] reported that Fe3O4 nanopar-

ticles with smaller size presented better microwave

absorbing properties. Sun et al. [22] prepared Fe3O4

dendritic microstructures, which presented better

microwave absorbing properties than nanospheres.

Therefore, size and nanostructure play an important role

in the microwave absorption. Compared with traditional

absorption materials, nanotube structure has lower per-

colation threshold and lower density, which is a great

help to improve microwave absorption. For example,

Zhu et al. [26] reported that the BaTiO3 nanotubes com-

posite showed a minimum reflection loss of -21.8 dB at

15 GHz, and the frequency bandwidth less than -10 dB

is from 13.3 to 15 GHz. Qi et al. [27] reported that a

minimum reflection loss of -32.7 dB is observed at

4.6 GHz for the carbon nanotube (CNT) composite.

Wang et al. [28] reported that Co–Ni–P nanotubes

exhibited the lowest reflection loss of-57.8 at 16.45 GHz.

Owing to strong magnetism, low percolation threshold

and low density, Fe3O4 nanotube may be a kind of good

potential candidate for microwave absorbing materials.

In this paper, Fe3O4 nanotubes were synthesized

through two-step chemical methods. First, a-Fe2O3

nanotubes were got by the hydrothermal method.

Then, Fe3O4 nanotubes were obtained by the acti-

vated carbon reduction in a-Fe2O3 nanotubes. We

investigated the complex permittivity, complex per-

meability and microwave absorption properties of

Fe3O4 nanotubes in the range of 0.5–18 GHz. As

expected, Fe3O4 nanotubes show an excellent micro-

wave absorption property and the corresponding

mechanisms were further discussed.

Materials and methods

Synthesis of Fe3O4 nanotubes

All the solvents and chemicals were of analytical grade

and used without further purification. Fe3O4 nanotubes

were prepared by two-step chemical methods. First,

1.6 9 10-3 mol FeCl3�6H2O and 6.4 9 10-5 mol

NaH2PO4�2H2O were first mixed by 70 mL deionized

water and then dispersed uniformly by ultrasonication

for 15 min. The mixed solution was sealed in a 100-mL

Teflon-lined stainless steel autoclave and hydrother-

mally treated for 24 h at 240 �C. A red precipitate was

obtained at the bottom of the autoclave and was sepa-

rated by centrifugation. The precipitate was washed

three times with ethyl alcohol and distilled water and

then dried at 70 �C in air. The resulting powder was a-

Fe2O3 nanotube. Second, the synthesized a-Fe2O3 nan-

otubes were mixed with activated carbon and heat-

treated in a tubular oven under N2 at 480 �C for 3 h. A

black powder was obtained. The resulting black pow-

der was a mixture of activated carbon and Fe3O4 nan-

otubes. Then, Fe3O4 nanotubes were separated by

magnet and washed three times with ethyl alcohol and

distilled water. At last, pure Fe3O4 nanotubes were

obtained, and the process is shown in Fig. 1.

Characterization

The initial investigation of structural and microstructure

analysis was carried out by the X-ray diffractometer

(XRD) using Cu Ka radiation with wave length 1.54 Å

and scanning electron microscope (SEM). The magnetic

properties were achieved by a physical property mea-

surement system (Quantum Design Inc.). The electro-

magnetic parameters of the sample were measured by a

vector network analyzer system (E5071C) in the range

0.5–18 GHz. The composite samples for electromagnetic

parameter measurements were prepared by evenly

mixing the product with a paraffin wax in mass ratio of

1:1, 3:2, 7:3, 4:1 [29], and then being pressed into a mold

with an outer diameter of 7 mm, inner diameter of 3 mm

and thickness of about 2 mm. The electrical conductivity

was measured by a digit multimeter (34401A). The

microwave absorbing properties of Fe3O4 nanotubes

metastructure investigated in simulation through com-

mercial software CST studio suite 2014 by the electro-

magnetic properties of the sample with 80 wt%.

Results and discussion

Microstructure and phase analysis

Figure 2 shows the XRD pattern of as-synthesized

samples. The top shows a-Fe2O3 phase (hematite,

JCPDS No. 24-0072), which has a rhombohedral

structure with the lattice parameters of the a = 5.0320
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and c = 13.7619 Å. As shown in the bottom of Fig. 2,

all the peaks can be indexed as face-centered cubic

Fe3O4 with space group of Fd-3 m and lattice constant

a = 8.387 Å, which is in good agreement with JCPDS,

No. 89-0691. No impurity phases can be observed in

Fe3O4 nanotubes.

Figure 3 shows SEM images of a-Fe2O3 nanotubes

and Fe3O4 nanotubes. Fe3O4 holds the same nanos-

tructure and size as a-Fe2O3. The length of nanotube

is about 200–400 nm, and all the tubes contain

through-holes with diameter about 50–80 nm.

Besides, the ratio of length to diameter is about 2.5–8.

Magnetic properties

The Fe3O4 nanotubes can be quickly separated from a

dispersion of them by an external magnetic field as

shown in Fig. 4a, suggesting that Fe3O4 nanotubes

possess strong magnetism. Figure 4b shows the M–

H loops of the Fe3O4 nanotubes at room temperature,

with the fields weeping from -20000 to 20000 Oe.

The saturation magnetization (Ms), remanent mag-

netization (Mr) and coercivity (Hc) are 63.3,

13.25 emu/g and 249.62 Oe, respectively. Ms value

for Fe3O4 nanotubes are lower than those for corre-

sponding bulk Fe3O4 (Mr = 92 emu/g), which is

caused by the spin disorder on the surface and sur-

face oxidation [22]. However, the Hc of Fe3O4 nan-

otubes are obviously higher than that of

corresponding bulk Fe3O4 (Hc = 115–150 Oe), which

is due to the absence of the vortex states and the

presence of out-plane and in-plane spin configura-

tions [30].

Electromagnetic properties and microwave
absorbing properties

Figure 5a, b shows the real and imaginary parts of

the complex relative permittivity (e0, e00). With

Figure 1 Schematic diagram of producing Fe3O4 nanotubes.

Figure 2 XRD pattern of the typical as-synthesized samples.
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increasing frequency, the e0 of each sample slightly

decreased, showing the behavior of Debye relaxation.

However, the e0 increases along with increased Fe3O4

nanotubes weight fraction and e00 also shows the same

trend. There is a little difference in e00 between 50 and

60 wt%, which may be caused by the low concen-

tration of two samples and instrumental error. In fact,

Fe3O4 has good electrical conductivity due to transfer

of electrons between Fe2? and Fe3? in the octahedral

sites as shown in the inset of Fig. 5c. In order to

determine whether this dielectric loss is dominated

by direct current electric conductance loss (eD
00),

direct current electrical conductivity (c) was mea-

sured. The relationship of e00 and eD
00 can be expressed

by

e00 ¼ e00D þ e00R ð1Þ

here e00D ¼ c
2pfe0

, where f is the frequency, e0 is the

dielectric constant of vacuum, and e00R is electronic

relaxation loss. Figure 5c shows the frequency

dependence of e00D for Fe3O4 nanotubes composite

with 70 and 80 wt%. However, the c with 50 and

60 wt% is too small to be measured. Obviously, e00D for

two samples is much smaller than e00 for two samples,

and it indicates that the dielectric loss is dominated

by electronic relaxation loss. Schematic diagram of

dielectric loss mechanism is shown in Fig. 5d. Elec-

tron hoping between two adjacent nanotubes under

applied electric field leads to electrical conduction,

but the potential barrier of transition is high; then, e00D
is too small. The potential barrier of transition is

higher when the distance between two nanotubes

Figure 3 Low (a, c), high (b, d) magnification SEM images of a-Fe2O3 and Fe3O4 nanotubes.

Figure 4 a The picture of the Fe3O4 nanotubes quickly separated

from a dispersion of them by an external magnetic field.

b Hysteresis loop of the Fe3O4 nanotube. The inset shows the

magnified plot.
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gets larger. Therefore, the two samples with 50 and

60 wt% cannot be measured for c. Electronic relax-

ation polarization is depicted as the weakly bound

electrons moving along the direction of the electric

field in the surface of Fe3O4 nanotubes. For the

electronic displacement polarization, the displace-

ment is about 10-14 m; then, the relaxation time is

about 10-14–10-15 s. According to the same method,

the relaxation time for electronic relaxation is calcu-

lated to 10-7–10-8 s considering that the

Figure 5 Frequency dependence of a real, b imaginary parts of complex permittivity, c direct current conduction loss for Fe3O4

nanotubes composite. Inset is the crystal structure of Fe3O4. d Schematic diagram of dielectric loss mechanism.

Figure 6 Concentration

dependence of a–c e0, d–f e00

for Fe3O4 nanotubes

composites at various

frequencies.
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displacement of composite is the mean length of the

nanotubes (10-7 m). Therefore, the corresponding

resonance peak frequency is 1–10 MHz, which is the

reason for the rapid decline of e00 from 0.5 to 2 GHz.

Based on the effective dielectric theory, the rela-

tionship between effective permittivity of composite

and permittivity of paraffin wax can be expressed by

[31]

e0eff � e0F
e0eff þ 3e0F

¼ V
e0W � e0F
e0W þ 3e0F

ð2Þ

where V is volume fraction of paraffin wax, eeff
0 is the

effective permittivity of composites, eW
0 is permit-

tivity of paraffin wax (eW
0 = 2), and eF

0 is permittivity

of pure Fe3O4 nanotubes, which is smaller than that

of corresponding bulk Fe3O4 due to the existence of

atmosphere located in nanotubes. The theoretical

results are in agreement with the experimental data

as shown in Fig. 6a–c. On the other hand, e00 can be

well described by the Maxwell–Garnett model, which

is shown in Fig. 6d–f [32]. The predicated intrinsic e0

of pure Fe3O4 nanotubes is around 46.4, 40.6 and 38.5

at 2, 8 and 16 GHz, respectively. And the predicated

intrinsic e00 is about 9.8, 7.2 and 4.2 at 2, 8 and 16 GHz,

respectively. It is observed that the data distributions

in Fig. 6 are similar at different GHz. The reason is

that the size of ferroferric oxide nanotubes is much

less than the wavelength at GHz and no relaxation

resonance peak exists in the investigated frequency

range.

Figure 7a, b represents the real and imaginary

parts of the complex permeability (l0, l00). From 0.5

to 6 GHz, the l0 for each sample significantly

decreases with increasing frequency, and above

6 GHz, the l0 for each sample keeps constant, which

is caused by the Snoeks’ limit [33]. In addition, the

l00 value for each sample exhibits a strong peak at

4 GHz. In order to understand the unique behavior

of the l00, the value of eddy current coefficient

l00l0�2f�1 is calculated. In general, the microwave

magnetic loss originates chiefly from hysteresis,

natural ferromagnetic resonance, domain wall reso-

nance and micro-eddy current loss. Hysteresis losses

are those that occur even at DC or low frequencies,

and the domain wall resonance occurs usually less

than 0.1 GHz. Besides, if the magnetic loss is mainly

contributed by eddy current loss, the eddy current

coefficient l00ðl0Þ�2f�1 should be almost constant at

different frequencies. As shown in Fig. 7c, the eddy

current loss could also be excluded due to the large

difference in eddy current coefficients. Thus, the

microwave magnetic loss attributes to natural fer-

romagnetic resonance. And the natural resonance

(NR) frequency (4 GHz) is higher than that of bulk

Fe3O4 (1.2 GHz), which is caused by the increase in

the shape anisotropy [34, 35]. Such shift is larger

than other that of Fe3O4 nanostructures (Fig. 8), and

it can profoundly improve the microwave

Figure 7 Frequency dependence of a real, b imaginary parts of complex permeability for Fe3O4 nanotubes composites. c Value of eddy

current coefficient l00l0�2f�1 for the composites versus frequencies in the range of 0.5–18 GHz.

Figure 8 The natural resonance frequency for various Fe3O4

nanostructure.
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absorption due to the higher magnetic loss in the

radar band (2–18 GHz).

To investigate the microwave absorbing properties,

the reflection loss (RL) can be calculated from the

relative complex permittivity and permeability

according to the following equation [36]:

RLðdBÞ ¼ 20 log
Zin � 1

Zin þ 1

�
�
�
�

�
�
�
�

ð3Þ

Zin ¼
ffiffiffiffiffi
lr
er

r

tanh j
2fpd
c

� �
ffiffiffiffiffiffiffiffi
lrer

p
� �

ð4Þ

where er and lr are the relative complex permittivity

and permeability of the composite medium, respec-

tively, Zin is the normalized input impedance, c is the

velocity of electromagnetic waves in vacuum, d is the

thickness of the absorber.

Figure 9 shows the frequency dependence of

reflection loss and d/kD (d is thickness, kD is the

wavelength in dielectrics) for all samples at different

thickness. The samples with 70 and 80 wt% show

good microwave absorbing properties, while the 50

and 60 wt% microwave absorption are poor, which

may be caused by the low dielectric loss (Fig. 5b). As

exhibited in Fig. 9c, d, g, h, the absorption peaks are

in the neighboring positions of d/kD = (2k ? 1)/4

(where k is a positive integer), suggesting that the

reflection loss is caused by quarter-wavelength reso-

nance. Therefore, the reflection peak shifted to lower

frequencies with the increase in thickness. In

Figure 9 Reflection loss of composite with different Fe3O4 nanotubes weight fraction (a, b, e, f) for different layer thickness. The

frequency dependence of d/kD for different Fe3O4 nanotubes weight fraction (c, d, g, h).
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addition, double loss peaks can be observed in 70 and

80 wt% with thickness 5 mm. The first peak just

meets the condition for d/kD = 1/4, and the second

peak just meets the condition for d/kD = 3/4. Such

microwave absorbing properties play an important

role in designing broadband absorption metastruc-

ture. By using the electromagnetic properties of the

sample with 80 wt%, three metastructures are

designed. In the metastructures, the absorption band

can be broadened by combating multiple resonances

at different thickness (2.1 and 5.0 mm) [37]. As shown

in Fig. 10, there are three absorption peaks in all

metastructures, which significantly broaden the

absorption bandwidth. The three absorption peaks

resulted from the coupling of k/4 resonance at

2.1 mm, k/4 and 3k/4 resonances at 5.0 mm. The two

absorption peaks at low frequency (around 6 and

10 GHz) are produced by the overlap of absorption

peaks at 3.67 and 11.32 GHz corresponding to 2.1 and

5 mm, respectively. The third absorption peak at

about 16 GHz is caused by the shift of 3k/4 reso-

nances at 5.0 mm due to pattern structure. Each

metastructure shows almost similar reflection loss

except the little difference from 14 to 18 GHz resulted

from the different edge scattering [37]. Strong

absorption peaks of Fe3O4 nanotubes at various

thicknesses are essential to broaden the absorption

bandwidth by using the metastructure design.

For Fe3O4 nanotubes with 70 wt%, the bandwidth

(RL\-10) is 2.75 GHz (Fig. 9), which is better than

other Fe3O4 nanostructure with similar concentration,

such as Fe3O4 nanospheres [38] and Fe3O4 hollow

microspheres [39]. Meanwhile, Fe3O4 hollow micro-

spheres also exhibit broadened absorption band-

width, suggesting that hollow structure has the

superiority of microwave absorption. Moreover, the

microwave absorption of Fe3O4 nanotube could be

further improved by filling other materials to

improve heterogeneous interface polarization. Such

strategy has been reported in carbon nanotube. For

example, Qiu et al. [40] reported that magnetite

nanoparticle–carbon nanotube–hollow carbon fiber

composites (Fe3O4–CNTs–HPCFs) possessed the

better electromagnetic wave absorbing performances

than CNTs–HPCFs. Lu et al. [41] prepared Fe3O4

nanopearl decorated carbon nanotubes stemming

from carbons onions (CNOs/CNTs@Fe3O4),

which exhibited better microwave absorbing

properties compared with CNOs/CNTs. However,

holding the coexistence of various relaxations to

improve the absorption bandwidth is still a chal-

lenging work.

Conclusions

In summary, Fe3O4 nanotubes were obtained through

two-step chemical methods. The complex permittiv-

ity, complex permeability, microwave absorption and

magnetic properties of the Fe3O4 nanotubes were

investigated. Compared with other Fe3O4 nanos-

tructure, Fe3O4 nanotubes show broader absorption

bandwidth. The minimum RL reaches -50.94 dB at

7.45 GHz, and the absorption bandwidth below

-10 dB reaches 2.75 GHz for Fe3O4 nanotubes com-

posite with 70 wt%. What is more, both 70 and

80 wt% samples possess double loss peaks at 5 mm

thickness. A metastructure absorber with better per-

formance based on sample of the 80 wt% is designed,

and the designed absorber possesses three absorption

peak and 8 GHz bandwidth (RL\-10 dB). Thus,

broad and significant applications of Fe3O4

Figure 10 Reflection loss of Fe3O4 nanotubes metastructure with three kinds of patterns, a square, b cross, c circle, and corresponding

parameters are show in the insets. Here, h1 = 2.1, h2 = 2.9, W = 13, a = 38, n = 8, m = 14 and r = 7.3 mm.
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nanotubes in microwave absorption and other fields

may be envisaged.
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