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a b s t r a c t

Magnetic/dielectric nanocomposites featuring strong electromagnetic wave response are ideal materials
for microwave absorbing, due to their high dissipation capability and optimized impedance matching.
However, it is still a challenge to synthesize such nanocomposites due to the drawbacks of conventional
fabrication approaches, such as considerable time consumption, high-power dissipation, low efficiency
as well as insufficient contact. Here, an ultrafast energetic metal-organic framework (EMOF) deflagration
methodology was proposed to transform EMOF nanoparticles to magnetic nanoparticles and simulta-
neously convert graphene oxide to reduced graphene oxide (RGO) by utilizing the huge heat release via
one-step pyrolysis. The obtained absorbers exhibit remarkable microwave response capability at an
ultra-low loading content, which verifies the practicability and advantages of this synthetic approach.
Moreover, this work opens up potential opportunities for EMOFs applications in a wide range and ex-
pands the future materials design scopes.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

With the wide usage of electronic equipment and communica-
tion facilities in recent years, electromagnetic (EM) wave absorp-
tion materials are attracting considerable interests owing to their
unique properties in solving electromagnetic pollution and inter-
ference problems [1e5]. As is known, features such as strong ab-
sorption, wide frequency band, thin thickness, light weight and
high thermal stability are required for the high-performance EM
microwave absorption materials [6e10]. Among all the frequently-
reported stuffs, magnetic/dielectric nanocomposites are the most
promising materials for microwave absorption due to their high
dissipation capability and optimized impedance matching [11].

So far, many preparation methods such as solvothermal method
[12e17], thermal annealing [18e24], polymerization method [25],
wet chemical synthesis [9], chemical vapor deposition [26], atomic
cheng@caep.cn (G. Yang).
layer deposition [27] have been developed to prepare various
magnetic/dielectric nanocomposites. However, some of these stra-
tegies may suffer from considerable time consumption, high-power
dissipation or lowefficiency. Therefore, searching novelmethods for
fabricating magnetic/dielectric nanocomposites with desired mi-
crostructures and excellent wave absorption properties is still a
mainstream and yet remains a great challenge.

Recently, our group proposed an energetic-materials-derived-
advanced-materials (EM-to-AM) synthesis strategy, which is based
on the deflagration/explosion behavior of energetic materials to
provide abundant highly active radicals and high temperature/
pressure environment for elemental/impurities doping,micro-pore/
pits forming, quantum dots or hollow nanostructures preparation
and so on [28]. For example, gram-scale graphene quantumdots can
be obtained via the deflagration reaction of polytetrafluoroethylene
(PTFE) and Si. It’s found that the high temperature and rapid tem-
perature decrease of deflagration flame limit the carbon atoms
growing into graphenequantumdots [29]. N andTi3þ co-doped TiO2
with rough surfaces and in-plane holes can be obtained from NaN3

deflagration treatment in seconds by N radicals filling into the
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crystal lattices and Na clusters capturing partial O from TiO2 [30].
Also, carbon hollow nanospheres with high N/F co-doping and high
graphitization degree can be easily achieved from NaN3/C5F5N
deflagration based on the Na nanoclusters capturing partial F atoms
from C5F5N and serving as sacrificial templates for the formation of
hollow structures, and the heat release generating an extremely
high temperature for graphitic structure formation [31]. Even single-
atoms decorated porous carbon networks can be fabricated via a
simple energetic metal-organic framework (EMOF) thermal trans-
formation process [32]. In brief, the EM-to-AM strategy provides a
facile and efficient approach to fabricate a series of advanced func-
tional materials and is expected to applicated in the synthesis of
microwave absorption materials.

Here, we utilize the typical Fe3O4/RGO nanocomposites as an
example to demonstrate the feasibility for exploiting EM-to-AM
strategy to fabricate high-efficiency microwave absorbers. Fe-
based EMOFs ([Fe(BTO)(H2O)2]n) and GO were employed as defla-
gration precursors. Once initiated, the energetic bistetrazole li-
gands decompose and release a huge amount of gases/heat, leading
to the local reduction of GO, while Fe cations are transformed into
ultra-small Fe3O4 nanoparticles. The obtained Fe3O4/RGO absorbers
exhibit excellent EM wave absorption capability at an ultra-low
loading content (5 wt% sample addition), which validate the prac-
ticability of as-mentioned strategy. Moreover, this EMOFs defla-
gration method can also be readily utilized for other advanced
materials preparation, providing new insights for future materials
design.
2. Results and discussion

The low-temperature deflagration preparation procedure of
Fe3O4/RGO is shown in Fig. 1. Firstly, a certain amount of FeSO4 was
dissolved in200mLGOsolutionunder stirring for 15min to complete
the adsorption of Fe2þ on GO via electrostatic interaction as GO is
negative charged due to its abundant ionizable oxygen groups
(Figure S1, supporting information). Then, [Fe(BTO)(H2O)2]n/GO pre-
cursor was obtained by adding H2BTO into the above solution by
dropwise. The dried precursor was heated up to 220 �C at N2 atmo-
sphere to trigger the deflagration of [Fe(BTO)(H2O)2]n. Fe-contained
radicals were generated in the deflagration process and finally
transformed into Fe3O4 nanoparticles; while the rest C-, N-and H-
containedradicals transformed intoCO2,N2OandH2Ogases. It should
be noted that the deflagration-induced spray behavior of the radicals
resulted in the formation of ultra-small Fe3O4 nanoparticles. More-
over, the huge heat release in the deflagration process generated a
local high-temperature environment, which led to the removal of
Fig. 1. Scheme diagram of the synthesis of Fe3O4/RGO. (A
oxygen function groups and improvementof the electric conductivity
of GO.

The reaction of FeSO4 and H2BTO produced a ribbon-shaped bis-
tetrazole-based EMOF ([Fe(BTO)(H2O)2]n, monoclinic space group
P21/c), inwhich Fe(II) ion is hexa-coordinated by two nitrogen atoms
and four oxygen atoms in a stretched octahedron as shown in Fig. 2a.
Two nitrogen/oxygen atoms from two BTO2� and two oxygen atoms
from H2O are located in the axial position and equatorial plane,
respectively. It can be indicated from thewell matched powder X-ray
diffraction (PXRD) results of the as-prepared [Fe(BTO)(H2O)2]n with
the simulated patterns that the synthesized [Fe(BTO)(H2O)2]n is
phase-purewith high crystallinity (Fig. 2b). The SEM images in Fig. 2c
and d illustrate that the ribbon-shaped [Fe(BTO)(H2O)2]n presents
homogeneous crystals with 1e2 mm in length, 200e500 nm inwidth
and ca. 20 nm in thickness.

When GO was added into the reaction system of FeSO4 and
H2BTO, [Fe(BTO)(H2O)2]n/GO nanocomposites were obtained, in
which the [Fe(BTO)(H2O)2]n nanoribbons were dispersed homo-
geneously on the GO nanosheets, as shown in Fig. 3a and b and
Figure S2. The nanoribbons decorated on the GO nanosheets
exhibited reduced size with a length of less than 400 nm and a
width of ca. 100 nm. It may be resulted from the steric effect of GO,
which minished the EMOFs growth rate via hindering the effective
mass (Fe2þ and BTO2� species) transport. The [Fe(BTO)(H2O)2]n/GO
deflagration features and pyrolysis process are investigated by a
series of characterization techniques. The TG/DSC curves in Fig. 3c
show that [Fe(BTO)(H2O)2]n deflagration at 208 �C and lost more
than 50 wt% of the whole weight accompanied with the release of
CO2, N2O and H2O, which are the only three final gaseous products
of the BTO ligand deflagration and the subsequent GO reduction
(Fig. 3d). It should be noted that the presence of GO promotes
thermal decomposition of [Fe(BTO)(H2O)2]n, which is supported by
the shift of its deflagration peak in the derivative thermogravi-
metric analysis curve from 212 �C for [Fe(BTO)(H2O)2]n to 208 �C for
[Fe(BTO)(H2O)2]n/GO (Figure S3).

To clarify the heat liberation induced temperature variation in
the deflagration process, infrared temperature measurement was
adopted. From Fig. 3e, it can be seen that many sparks of fire
distributed uniformly, indicating a homogeneous Fe3O4 growth and
GO reduction environment. From the time-dependent temperature
curve in Fig. 3f, it can be observed that the deflagration temperature
was as high as ca. 720 �C and maintained for just few seconds. Note
that the high temperature could promote the decomposition of
oxygen-containing function groups to achieve the thermal reduc-
tion of GO, while the short duration of high temperature protects
GO against completely decomposition by oxygen from air.
colour version of this figure can be viewed online.)



Fig. 2. a) Crystal structure, b) experimental and simulated XRD patterns and c-d) SEM images of [Fe(BTO)(H2O)2]n. (A colour version of this figure can be viewed online.)

Fig. 3. a) SEM, b) TEM images, c) TG/DSC spectra of the [Fe(BTO)(H2O)2]n/GO composites and d) FT-IR spectrum of the gas products. e) Infrared images and f) Infrared temperature
measurement of the [Fe(BTO)(H2O)2]n/GO deflagration process. (A colour version of this figure can be viewed online.)
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To investigate the EMOFs deflagration advantages on the
morphology and structure of the obtained Fe3O4/RGO samples,
transmission electron microscope (TEM) characterization was
conducted. TEM images of Fe3O4/RGO-3 sample synthesized from
deflagration of [Fe(BTO)(H2O)2]n/GO were shown in Fig. 4aec, from
which it can be observed that a large quantity of small spherical
Fe3O4 nanoparticles were well decorated on two-dimensional RGO
sheets. The large Fe3O4 nanoparticles were formed by the aggre-
gation of small ones with the size of about 10 nm (as shown in the
insert of Fig. 4b). The average size of the Fe3O4 nanoparticles was
estimate to be about 10 nm (Figure S4). And all the obtained Fe3O4
nanoparticles exhibited high crystallinity degree with an exposed
(311) facet (0.25 nm in d-spacing), suggesting the advantages of
EMOFs-deflagration induced high local temperature on the small
crystal growth. It should be noted that both sides of the RGO
nanosheets were decorated with Fe3O4 nanoparticles uniformly
(Figure S5). And, no individual Fe3O4 nanoparticles can be observed
after sonication, indicating the strong interaction between Fe3O4
and RGO. That may be resulted from the high impacting effect of
EMOFs-deflagration generated Fe species, which sprayed from the
EMOFs to their surroundings and smashed into graphene oxide,
resulting in a very close distance and a strong van der Waals



Fig. 4. a-e) TEM images and f-i) the element mappings of Fe3O4/RGO-3 sample. (A colour version of this figure can be viewed online.)
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interaction between the final Fe3O4 nanoparticles and RGO prod-
ucts. Additionally, it’s found that Fe3O4 nanoparticles from [Fe(BT-
O)(H2O)2]n deflagration tend to aggregate into large particles
(Figure S6, Supporting Information), suggesting the important
support role of RGO to prevent the agglomeration of Fe3O4 nano-
particles. The uniformly decorated Fe3O4 ultra-small nanoparticles
and their strong interaction with RGO led to the formation of
abundant Fe3O4/RGO interfaces with sufficient contact, which
could greatly improve the interfacial polarization and the final
microwave absorption performance of Fe3O4/RGO samples.

From the electron energy loss spectroscopy (EELS) elemental
mappings in Fig. 4fej, it can be observed that C and N species are
homogeneously distributed within the RGO nanosheet, indicating
that RGOwas doped with N in the deflagration process utilizing the
N-contained radicals as N source. However, Fe and O distributed not
only within the Fe3O4 nanoparticles as observed in Fig. 4e, but also
in the rest areas of RGO, suggesting the existence of plentiful ultra-
small Fe3O4 nanoparticles. In addition, it can be observed that the O
mapping shows some heterogeneous distribution and is much less
abundant than the C and Nmappings, indicating that the O element
signals root mainly from Fe3O4 nanoparticles but not RGO, which
further demonstrating the effectively reduction effect of EMOFs on
GO.

To confirm the effect of [Fe(BTO)(H2O)2]n deflagration on the
RGO reduction in the obtained Fe3O4/RGO samples, X-ray diffrac-
tion (XRD), Raman spectroscopy, Fourier-transform Infrared spec-
troscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) were
performed.

The XRD patterns of pristine GO nanosheets and Fe3O4/RGO
nanocomposites prepared by [Fe(BTO)(H2O)2] deflagration treat-
ment are shown in Fig. 5a. The diffraction peaks at 30.2�, 35.6�,
43.2�, 57.1� and 62.7� are indexed to the (220), (311), (400), (511)
and (440) planes of Fe3O4 (JCPDS Card 89e3854), respectively [33].
The Fe3O4/RGO samples synthesized from different amounts of
EMOFs deflagration treatments show the same XRD pattern except
for the gradually enhanced diffraction peaks of Fe3O4, which may
be resulted from the increased contents of Fe3O4. The mass per-
centages of Fe3O4 in Fe3O4/RGO samples were calculated to be ca.
12.2%, 23.2%, 33.6% and 42.1% for Fe3O4/RGO-1, Fe3O4/RGO-2, Fe3O4/
RGO-3 and Fe3O4/RGO-4 samples, respectively (Table S1).
In order to obtain further information of Fe3O4/RGO samples,

Raman spectroscopy was carried out to characterize the structural
change ofGOduring theEMOFs deflagration treatment process. From
the Raman spctra in Fig. 5b, two Ramanpeaks at 1350 and 1593 cm�1

can be observed inpristine GO sample, which corresponding to the D
and G band, respectively. After treated by [Fe(BTO)(H2O)2]n defla-
gration, nearly all Fe3O4/RGO samples show the same Raman peaks.
However, the D/G intensity ratios (ID/IG) are 0.90 for GO, 0.87 for
Fe3O4/RGO-1, 0.90 for Fe3O4/RGO-2, 0.92 forFe3O4/RGO-3and0.97 for
Fe3O4/RGO-4, respectively. It can be inferred from the change in ID/IG
thatmore numerous sp2 domains in the carbonwere achievedfirstly,
resulted from the deflagration-induced reduction of GO. However,
with the addition ofmore EMOFs for deflagration, the sp3 domains in
carbon obviously increased due to the improved N doping levels
(Table S2).

FT-IR was adopted to show the changes of organic groups of GO
before and after the deflagration, as shown in Fig. 5c. The pristine
GO shows rich functional groups including C]O, C]C, OeH, CeOH
and CeOwith the responding FT-IR absorption bands at 1734, 1624,
1374, 1227 and 1100 cm�1, respectively [34]. The absorption bands
at 3442 cm�1 were attributed to the vibrations of OeH from
absorbed H2O. Compared to the FT-IR curve of GO, only C]C and
CeO bands can be observed in the FT-IR spectrum of Fe3O4/RGO,
demonstrating the well reduction of GO via EMOFs deflagration.
Especially, the CeO bands intensity decreased from Fe3O4/RGO-1 to
Fe3O4/RGO-4, indicating the enhanced reduction effect of EMOFs on
GO with more EMOFs added.

To get further information of RGO in the obtained Fe3O4/RGO
samples, XPS was adopted to investigate the doping situation and
chemical compositions of the Fe3O4/RGO samples. As shown in
Fig. 5d, it can be observed that C 1s XPS spectra of Fe3O4/RGO series
samples show the similar patterns but much difference from that of
GO, indicating the removal of functional groups. O 1s XPs spectra
were shown in Fig. 5f and consisted of four deconvoluted peaks that
corresponding to OeH (533.5 eV), OeC]O (532.7 eV), C]O
(531.5 eV) and FeeO (530.1 eV), respectively [35]. Compared with
pristine GO, it can be obviously observed that Fe3O4/RGO series
samples showed gradually decreased OeH, OeC]O and C]O



Fig. 5. a) XRD, b) Raman, c) FT-IR spectrum, d) C 1s and e) O 1s XPS spectra of GO and the obtained Fe3O4/RGO samples.
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peaks with the increased amounts of EMOFs addition, which is in
accordance with the FT-IR results. An interesting founding is that a
slow spontaneous combustion phenomenon of the product can be
observed with the color turning from black to red (Figure S7) when
excess EMOFs deflagrated, suggesting that pure Fe nanoparticles
existed as the mid product of EMOFs deflagration (Figure S8) and
the O elements in Fe3O4 were partly from the oxygen-contained
functional groups of graphene oxide. Additionally, from the full
XPS spectra in Figure S9, only C, N, Fe and O elements can be
observed, revealing the advantages in purity of [Fe(BTO)(H2O)2]
deflagration method.

As depicted in Figure S10, when very small amount of [Fe(BT-
O)(H2O)2] was added, very few ultra-small Fe3O4 nanoparticles
were produced and loaded on the RGO nanosheets in Fe3O4/RGO-1
sample. No aggregations can be observed but very few Fe3O4/RGO
interfaces were formed. When increased the adding amount of
EMOFs, the loading density of Fe3O4 nanoparticles was improved in
Fe3O4/RGO-2 sample (Figure S11), indicating the growing Fe3O4/
RGO interface numbers. However, slight aggregation phenomenon
came up. When excess EMOFs were added, serious aggregation of
Fe3O4 nanoparticles occurred and led to the decrease of Fe3O4/RGO
interface numbers as shown in Figure S12. Among the Fe3O4/RGO
series samples, Fe3O4/RGO-3 sample possess the most abundant
Fe3O4 nanoparticles loading and Fe3O4/RGO interfaces. The abun-
dant Fe3O4/RGO interfaces and highly reduced GO in Fe3O4/RGO
series samples synthesized via our designed EMOFs deflagration
method may exhibit excellent EM absorption performances.

To explore the EM wave absorption performances of Fe3O4/RGO
samples, different contents of the products were mixed with
paraffin to form composites by a simple blending method [36].
Based on the measured electromagnetic parameters, the RL values
of Fe3O4/RGO/paraffin composites can be calculated under the
transmission line theory:

RL¼ 20 logjðZm� ZoÞ = ðZm þ ZoÞj (1)
Zin ¼ Zo

ffiffiffiffiffi
mr
εr

r
tanh

�
j
2pfd
c

ffiffiffiffiffiffiffiffiffi
mrεr

p �
(2)

where Zin is the input characteristic impedance, εr and mr are the
complex permittivity and complex permeability, respectively; d is
the absorber thickness, G is the frequency; and c is the velocity of
light in free space. Fig. 6aed shows the three-dimensional pre-
sentations of calculated theoretical RL values of four Fe3O4/RGO
samples with different thickness (1e5 mm) in 2e18 GHz. It is
notable that the microwave absorption performances vary a lot
with the variation of Fe3O4 contents. In contrast, both the RLmin

value and the effective absorption bandwidth (EAB) of Fe3O4/RGO-3
sample are larger and broader than the other three samples. The
microwave absorption behaviors at low thickness (<2.0 mm) are
rather good, with the RL values for all the measured thicknesses
below �20 dB. The maximum EAB reaches 5.24 GHz at 1.8 mm,
where the minimum RL value is �46.3 dB, and the minimum RL
value reaches as strong as �67.1 dB at only 2.2 mm. It is worth
mentioning that the loading content of Fe3O4/RGO sample in the
Fe3O4/RGO/paraffin composites is merely 5 wt%. With the superior
RL value and the broad EAB at low thickness with ultra-low filler
loading, Fe3O4/RGO-3 sample exhibits great potential for applica-
tion as high-efficiency microwave absorber.

In order to illuminate the microwave absorption mechanism of
Fe3O4/RGO samples, the frequency dependence electromagnetic
parameters are displayed in Fig. 7. As can be seen from Fig. 7a and b,
the values of ε0 and ε

00 decrease with the increase of Fe3O4 loading,
and evident frequency dispersion phenomena can be found in the
tested frequency range. The dielectric values of Fe3O4/RGO-1 and
Fe3O4/RGO-2 are higher than those of common dielectric materials,
which is derived from the strong reduction effect of GO during
deflagration. With the continued increase of Fe3O4 loading, the
permittivity values (Fe3O4/RGO-3 and Fe3O4/RGO-4) gradually
decrease. Enlarged curves were also plotted in the inset parts. No
distinct resonance peak can be observed in the imaginary permit-
tivity curves, indicating the conduction loss-dominated dielectric



Fig. 6. 3D representations of the reflection loss (RL) of the obtained Fe3O4/RGO samples: a) Fe3O4/RGO-1, b) Fe3O4/RGO-2, c) Fe3O4/RGO-3 and d) Fe3O4/RGO-4. (A colour version of
this figure can be viewed online.)

Fig. 7. The electromagnetic parameters of the obtained Fe3O4/RGO samples.
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dissipation for Fe3O4/RGO samples. Permeability values of the four
samples show little change from 1.0 to 1.35 (Fig. 7c and d). The
relatively low permeability of Fe3O4/RGO composites is mainly
derived from the following two reasons. One is that magnetic
materials at nanoscale often possess weak permeability behaviors
due to the nano-size effect. The second one is that the permeability
values are the overall effect of the composites composed of Fe3O4
and RGO, not only Fe3O4 species. The obvious fluctuations in the
curves are derived from the residual loss, including domain wall
resonance, nature resonance, dimension resonance and exchange
resonance. Generally, residual loss comes from the relaxation pro-
cess during magnetization. The appeared resonance peaks at low
frequency are derived from natural resonances, the resonances
peaks at higher frequency mainly come from exchange resonances.

According to Debye theory, the complex permittivity can be
expressed with the following equations:

ε
0 ¼ ε∞ þ εs � ε∞

1þ ð2pf Þ2t2
(3)

ε

00 ¼ ðεs � ε∞Þ 2pf t

1þ ð2pf Þ2t2
þ s

2pf ε0
(4)

where εs is the static permittivity, ε∞ is the relative dielectric
permittivity at high-frequency limit, t is the polarization relaxation
time, s is the electrical conductivity.

By subtracting the contribution of s from equation (4) and
eliminating 2pft part, the relationship between ε

0 and ε
00 would be a

semicircle, namely the Cole-Cole semicircle. Each semicircle is
corresponding to a single Debye relaxation process [37]. As can be
seen in Fig. 8a and b, no evident semicircle but upward curves are
found for sample Fe3O4/RGO-1 and Fe3O4/RGO-2, indicating their
conduction loss dominated dielectric loss process. Obvious semi-
circles can be observed for both Fe3O4/RGO-3 and Fe3O4/RGO-4
(Fig. 8c and d). The more semicircles of Fe3O4/RGO-4 indicate its
more dielectric polarization processes than those of Fe3O4/RGO-3.
In consideration of the chemical compositions of these samples, we
infer that the more dielectric polarization processes are derived
from the enhanced MWS effect. In other words, more Fe3O4 parti-
cles induce more interfacial polarizations between the interfaces of
Fig. 8. ColeeCole semicircles and ε
0 0-f�1 curves of the obtained Fe3O4/RGO samples: a) and e

colour version of this figure can be viewed online.)
Fe3O4 and RGO. In view of the relatively large permittivity values of
Fe3O4/RGO samples, we suppose that polarization has less contri-
bution to the dielectric loss. Based on equations (3) and (4), if ε00 is
mainly derived from conductivity, it can be expressed as:

ε

00 ¼ s

2pf ε0
(5)

As can be seen, ε00 is proportional to 1/f. We plotted the curves of
ε
00 verus 1/f to detect the electrical conductivity differences be-
tween Fe3O4/RGO samples, where the slope s/(2pε0) of straight line
stands for the conduction capability. As reflected in Fig. 8eeh, the
electrical conductivity decreases dramatically from Fe3O4/RGO-1 to
Fe3O4/RGO-4, which is in accordance with the permittivity values
variation in Fig. 6 as well as the analysis in Fig. 8aed. From the loss
mechanism comparison between the four samples, it can be found
that Fe3O4/RGO-3 sample, with the optimal microwave absorption
performance, does not possess obvious dissipation advantages
either in polarization or conduction loss.

Impedance matching was also explored based on the normalized
impedance Zin/Zo. When the value equals to 1, the incident micro-
wave can be fully absorbed [38]. Here, we detected the impedance
matching characters for the four samples at some typical thick-
nesses, that is, 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm,
4.0 mm, 4.5 mm and 5.0 mm. As shown in Fig. 9aed, the normalized
impedance values increase gradually from Fe3O4/RGO-1 to Fe3O4/
RGO-4. The values of Fe3O4/RGO-1 and Fe3O4/RGO-2 are too low,
while that of Fe3O4/RGO-4 is too high, all of which are not ideal
impedance matching. As comparison, the normalized impedance
values of Fe3O4/RGO-3 at all measured thickness are close to 1.0,
indicating the excellent ability to introducing microwaves.

Base on the above analysis, it is not hard to find out that the
optimal microwave absorption performance of Fe3O4/RGO-3 is
derived from both the impedance matching and microwave dissi-
pation. The normalized impedance characters directly influence the
microwave reflection on the surface; as for the microwave loss
mechanisms, it has been demonstrated that conduction loss con-
tributes more than dielectric polarization.

Interference absorption is another important mechanism in mi-
crowave absorption process besides the as-described loss-type ab-
sorption. It can often be expressed by the following equation [39].
) Fe3O4/RGO-1, b) and f) Fe3O4/RGO-2, c) and g) Fe3O4/RGO-3, d) and h) Fe3O4/RGO-4. (A



Fig. 9. Normalized input impedance Zin/Zo of a) Fe3O4/RGO-1, b) Fe3O4/RGO-2, c) Fe3O4/RGO-3 and d) Fe3O4/RGO-4 at different thicknesses (from right side to the left: 1.0e5.0 mm,
interval is 0.5 mm).
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tm ¼nc
�
4f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jmr jjεrjðn¼1;3;5;:::Þ

q
(6)

As seen from the equation, if the absorber thickness at peak
frequency is equal to the calculated thickness tm, the incident mi-
crowaves and reflected waves would meet face to face (out of 180�),
resulting in the disappearance of each other at the air-absorber
interfaces. As reflected in Fig. 10, all the detected thicknesses at
peak frequency are in accordance with the l/4, which demonstrates
that the geometrical effect (interference absorption) also acts as a
critical role in the enhanced microwave absorption, especially for
the maximum reflection loss values.
Fig. 10. Frequency dependence of reflection loss of Fe3O4/RGO-3 (a) and 2D contour of
RL curves and calculated thickness based on l/4 models of Fe3O4/RGO-3 (b). (A colour
version of this figure can be viewed online.)
3. Conclusion

In summary, we have developed a novel EMOFs deflagration
methodology to prepare magnetic/dielectric nanocomposite ab-
sorbers. In the employed case, [Fe(BTO)(H2O)2]n was used as the
EMOF precursor, which can be initiated at a low temperature (ca.
220 �C) and finished in seconds, showing prominent advantages of
energy- and time-saving. The spray behavior of Fe species and huge
heat release in the deflagration process lead to the formation of
ultra-small Fe3O4 nanoparticles and fast reduction of GO, respec-
tively. The loading amount of Fe3O4 ultra-small nanoparticles and
the reduction level of GO can be regulated by controlling the adding
amount of EMOFs, which influences the electromagnetic parame-
ters of Fe3O4 and RGO as well as the final performances. An optimal
sample, Fe3O4/RGO-3, shows a minimum RL of �67.1 dB at only
2.2 mmwith merely 5 wt% of sample loading. This work proposes a
novel EMOF deflagration methodology to synthesize electromag-
netic absorptionmaterials, and underpin the future research efforts
to develop other advanced materials.
4. Experimental section

Synthesis of [Fe(BTO)(H2O)2]n: 1.13g (4 mmol) FeSO4�7H2O and
0.094 g BTO (4 mmol) was added to 20 mL water with constant
stirring, respectively. Then, the BTO Solution was added to FeSO4
solution dropwise under stirring, resulting the formation of a beige
suspension. After stirring for 30 min at room temperature, the
[Fe(BTO)(H2O)2]n were obtained after centrifuged for three times,
washed with deionized water and dried in a vacuum oven at 60 �C
for 12 h.

Synthesis of [Fe(BTO)(H2O)2]n/GO: 10 g graphene oxide solution
(11 mg/g) was added to 200 mL water and stirred for 15 min to
obtain a homogeneous GO dilute solution. Then, a 20 mL solution
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containing x mmol FeSO4�7H2O was firstly added to GO solution
under stirring for 15 min to achieve the adsorption of Fe2þ on the
GO surfaces. After that, the solution containing x mmol BTO were
dropwise added into the above solution and stirred for 30 min,
resulting the formation of a grey suspension. [Fe(BTO)(H2O)2]n/GO
were then obtained after the precipitate was centrifuged for three
times, washed with deionized water and then dried in a vacuum
oven at 60 �C for 12 h.

Synthesis of Fe3O4/RGO: The as-prepared [Fe(BTO)(H2O)2]n/GO
were placed in a high-pressure reactor (MS100-P8-T3-HC1-SV,
Anhui Kemi machinery technology Co. LTD) and heated to 220 �C
quickly at certain heating rate to trigger the [Fe(BTO)(H2O)2]n
deflagration. Herein, the high-pressure reactor was used to protect
the final products from oxidation by oxygen in air at high tem-
perature and aviod potential danger from the ultra-fast exergonic
deflagration process. Once ignited, the energetic [Fe(BTO)(H2O)2]n
MOFs will undergo substantially rapid, self-propagating reactions,
generate various radicals and gas products, and liberate heat in less
than 1 s, which lead to the formation of a high-temperature and
-pressure environment. When a jump of the pressure meter indi-
cator was observed, turn off the heating power and cool the reactor
to room temperature naturally. After the pressure is released, the
products were then collected and washed with deionized water for
three times. After dried in a vacuum oven at 60 �C for 12 h, the final
Fe3O4/RGO were then obtained and labeled as Fe3O4/RGO-x (where
x represents the adding amount BTO, x mmol).

Characterization: The crystal structures, morphologies and par-
ticle sizes of the sample were examined via X-ray diffraction (XRD,
D8 advance, Bruker), Field emission scanning electron microscopy
(FESEM, Sigma-HD, Zeiss), transmission electron microscopy (TEM
JEM-2100F, JEOL), respectively. The thermal decomposition char-
acteristics and gas products of EMOFs were determined via a
thermogravimetric and differential scanning calorimetry (TGA-
DSC, NETZSCH 209F3) equipped with an FT-IR spectrometer
(Bruker Tensor 27). The FT-IR spectra of the functional groups in GO
and Fe3O4/RGO samples were obtained using a FT-IR spectrometer
(Agilent Cary 660). The chemical compositions of the samples were
investigated via an ESCALAB 250 XPS X-ray Electron Spectrometer
(American Thermo Electron Corporation).

Properties: Electromagnetic parameters including complex
permittivity and permeability were investigated with a vector
network analyzer (Agilent, N5244A) at the frequency range of
2e18 GHz. The Fe3O4/RGO samples were dispersed in paraffin
wax with a mass ratio of 5 wt% and put into a metal mold (inner/
outer diameter: and 3.0/7.0 mm) and pressed into a ring with a
thickness of about 2.25 mm. The RL values were calculated using
the measured complex permittivity and permeability.
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