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ABSTRACT Advanced electromagnetic (EM) wave absorbing
materials with strong absorption and broad bandwidth are
important for military stealth and elimination of microwave
pollution in consumers’ electronics. Metal organic framework
(MOF)-derived metal/carbon hybrids with ordered structure
are significantly urgent in this field. In this contribution, we
presented a design strategy of hollow cage-like or solid box-
like magnetic/dielectric Fe/Co/C and dielectric Fe/Mn/C EM
wave absorbing nanomaterials via pyrolyzing Prussian blue’s
analogs with controllable topology and phase composition.
The solid box-like Fe/Co/C and hollow cage-like Fe/Mn/C
showed favorable absorption property with a broad effective
absorption bandwidth (EAB) and a low reflection loss (RL).
Especially, the EAB of 8.8 GHz at a thickness of 2.5 mm for
solid box-like Fe/Co/C nanocomplex prepared at 900°C is a
new record for this type of materials. The design and tuning
strategy for EM wave absorbers derived from topology-con-
trollable MOF is important for EM functional materials pos-
sessing great potential in military stealth and consumers’
electronics.

Keywords: electromagnetic wave absorber, MOF, Prussian blue’s
analogs, topology, pyrolysis

INTRODUCTION

Advanced electromagnetic (EM) wave absorbing materi-
als with strong absorption, broad bandwidth, thin thick-
ness and low density have received numerous attentions
due to urgent demand in military stealth and elimination
of microwave pollution or radiation in consumers’ elec-
tronics and base stations of wireless networks [1-3].
Various magnetic materials, such as ferrites, Fe-, Co-, Ni-
based nanoparticles and alloys, as well as carbon family
materials including carbon fibers, carbon nanotubes and

graphenes were mainly utilized to match the engineering
applications of EM wave absorbing materials in form of
coating, sealing or composites [4,5].

Metal-organic frameworks (MOFs) integrated the fea-
tures of organic-inorganic hybrids, high porosity, ultra-
high specific surface area and tunable topological
structure [6,7]. Their diversity of compositions and to-
pological structures give favorable functionalities with
great potential in gas separation/storage, catalysis and
biomedicine [8-11], etc. In our previous work [6], a sy-
nergistic sorbent separation method was presented for the
one-step production of polymer-grade C,H, from ternary
(C,H,/C,Hy/C,H,) or quaternary (CO,/C,H,/C,H¢/C,H,)
gas mixtures by using MOFs. Especially, MOF-derived
metal/carbon composites after pyrolysis have drawn sig-
nificant attention in various fields [12-14]. They might
possess desirable EM wave absorbing or shielding ability.
As expected, the derived Co/C composite with well-dis-
persed magnetic cobalt nanoparticles inherited the topo-
logical structure of ZIF-67 crystals, showing effective
absorption even at high temperature, ie., a minimum
reflection loss (RL,,;,,) of —35.3 dB and an effective ab-
sorption bandwidth (EAB) of 5.8 GHz measured at 500°C
[15]. The modified ZIF-67-derived hybrids with SiC [16],
ZIF-8 [17,18], MXene [19], poly(dimethylsilylene)diace-
tylene (PDSDA) [20], carbon nanotubes (CNTs) [21],
multiwalled CNTs (MWCNTSs) [22,23], V,0; [24], Co,Sg
[25], etc., were extensively studied. Meanwhile, other
MOFs including two-dimensional (2D) Co-MOF [26],
Co-MOF-74 [27], MIL-88A(Fe) [28], MIL-101(Fe) [29],
CPT-1-Co [30], and Fe"-MOF-5 [31] with controllable
topologies also received attentions in the fields of EM
functional materials.

Prussian blue (PB) and its analogs (PBAs) are a class of
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MOFs with cubic structure as well as a general chemical
formula of A,M[M'(CN)s] (A = alkaline metal ions,
zeolitic water, M/M’ = transition metals) [32,33]. The
octahedral [M(CN)]" complex is coordinating M"" with
nitrogen bonding. Their crystal structures were verified
by Keggin and Miles [34]. Based on PBAs, a series of
complexes were synthesized with hollow, core shell or
solid topologies showing potentials in electrocatalysts
[35], energy storage [36], electrocatalytic water splitting
[37], and EM wave absorbing materials [38]. For example,
the Fe/C nanocubes derived from PB show a RL,;, of
—22.6 dB at 15GHz and an EAB of 5.3 GHz (12.7-
18 GHz) with a thickness of 2 mm [39]. The Fe/Co/C
complex can also be obtained through the pyrolysis of
PBAs, whose absorption is superior to that of single
metallic complex [40].

As well-known, besides the suitable EM parameters to
ensure impedance matching and energy attenuation [41],
the topological structure of MOF derivates can also direct
EM wave toward multi scattering and polarization loss
[38,42]. These factors can be combined to enhance mi-
crowave attenuation and broaden EAB. Actually, some
complicated factors, such as phase composition, mor-
phology and temperature, affect microwave attenuation
[43]. But the previous design mainly focused on the EM
parameters of a specific absorber in a given condition of
morphology or phase composition. However, the com-
prehensive effects of topology and phase composition
were seldom considered. So EM wave absorption effi-
ciency, either EAB or RL, was not favorable as expected.

In this contribution, we presented a design strategy of
hollow cage-like or solid box-like magnetic/dielectric Fe/
Co/C and dielectric Fe/Mn/C EM wave absorbing nano-
complexes via pyrolyzing PBAs with controllable topol-
ogy and phase composition. The hollow cage- or solid
box-like Fe/Co/C and hollow Fe/Mn/C nanocomplexes
show a broad and favorable absorbing ability from the
viewpoint of either EAB or RL. Especially, the EAB of
8.8 GHz at a thickness of 2.5 mm for solid box-like Fe/
Co/C nanocomplex prepared at 900°C is a new record for
this type of materials. It is definitely important for the
design of highly efficient EM wave absorbing materials in
a comprehensive perspective, which possess great po-
tential in antenna housings, areo-engines and stealth
aircrafts.

EXPERIMENTAL SECTION

Synthesis of hollow Fe-Co PBA cages
The hollow Fe-Co PBA cages were synthesized by che-
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mical co-precipitation as reported previously [44]. Briefly,
a solution A was formed by dissolving 0.2 g of potassium
hexacyanoferrate (III) in 60 mL of deionized water. Co-
balt (II) acetate tetrahydrate (0.3 g), trisodium citrate
dihydrate (0.3 g) and polyvinyl pyrrolidone (PVP, 3.0 g,
K30, M,, = 40,000 Da) were dissolved in 40 mL of deio-
nized water to form a solution B. Solution B was slowly
added to solution A within 1 min under magnetic stir-
ring. After being stirred continuously for 1 min, the
mixed solution was transferred to an oven and reacted at
80°C for 24 h. The purple-black precipitation was washed
with deionized water and ethanol for three times, and
dried overnight at 70°C.

Synthesis of hollow Fe-Mn PBA cages

Similarly, the hollow Mn-Fe PBA cages were obtained
through a method modified from Ref. [45]. Typically,
16.4 mg of K;[Fe(CN)¢] was dissolved in a C,H;OH/H,0O
(5/5 mL) system under agitated stirring to give a trans-
parent solution C. Solution D was prepared by dissolving
25.4 mg MnSO,-H,0, 15.0 mg trisodium citrate dihydrate
and 0.3 g PVP (K-30) in a C,H;OH/H,O (5/5 mL) system
under stirring for 30 min. Solution C was added to so-
lution D slowly with a syringe (20 mL). After being stir-
red for 10 min at room temperature, the mixed solution
aged for 24 h without interruption. The white precipitate
was collected by filtration and washed with ethanol for
three times, and the hollow Fe-Mn PBA cages were ob-
tained by drying the sample in an oven at 70°C.

Synthesis of solid Fe-Co PBA box

The solid Fe-Co PBA boxes were synthesized by the
chemical co-precipitation method as reported previously
[46], which is similar to the synthesis of hollow Fe-Co
PBA cages, except for the addition of trisodium citrate
dihydrate and PVP in the solution B.

Synthesis of solid Fe-Mn PBA box

The solid Mn-Fe PBA boxes were synthesized by the co-
precipitation method [45], similar to the synthesis of
hollow Fe-Mn PBA cages, except for the addition of tri-
sodium citrate dihydrate in the solution D. The resultant
white precipitates were collected by centrifugation, wa-
shed with ethanol for several times, and finally dried in an
oven at 70°C overnight.

Preparation of Fe/Co/C and Fe/Mn/C nanocomplexes

The as-synthesized hollow Fe-Co or Fe-Mn PBA cages
and solid Fe-Co or Fe-Mn PBA boxes were pyrolyzed in a
tube-furnace (GSL-1700X, Kejing New Mater. Ltd., Hefei,
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China) at 800 and 900°C, respectively, for 2h with a
heating rate of 0.5 K min ' in argon. The nanocomplexes
were named as hollow Fe/Co/C-800, hollow Fe/Co/C-900,
solid Fe/Co/C-800, solid Fe/Co/C-900, hollow Fe/Mn/C-
800, hollow Fe/Mn/C-900, solid Fe/Mn/C-800 and solid
Fe/Mn/C-900 according to topological structures and
pyrolyzed temperatures, respectively.

Characterizations

X-ray diffraction (XRD) patterns of the samples were
collected on a Shimadzu 7000 XRD using Cu Ka radia-
tion (A = 0.15406 nm) with a scanning voltage of 30 kV,
and a scanning current of 30 mA. The morphology and
structure were scanned using a field emission scanning
electron microscope (FESEM) (FEI, Verios G4) and
transmission electron microscope (TEM) (FEIL, Talos
F200X) equipped with energy dispersive spectroscopy
(EDS). Element composition was analyzed by X-ray
photoelectron spectroscopy (XPS) on a Kratos Axis Ultra
DLD using Al Ka radiation (hv = 1486.6 eV) with a
scanning voltage of 15kV, and a scanning current of
10 mA. The magnetic performance was surveyed by
hysteresis loop using vibrating sample magnetometers
(Lake Shore VSM 7307). The Brunauer-Emmet-Teller
(BET) specific surface area and pore size distribution
were measured by high-performance multi-channel fully
automatic surface and pore analyzer (BeiSbiDe3H-
2000PS2, China) using N, at 77 K. Thermogravimetric
analysis (TGA) (NETZSCH STA449, Germany) was car-
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ried out under a flow of argon with a temperature ramp
of 10°C min ' from room temperature to 1000°C.

EM wave absorption measurement

The EM parameters of the nanocomplexes were measured
by a vector network analyzer (VNA, Anritsu, MS46322B)
using the transmission/reflection coaxial method. The
composite (absorbers/paraffin = 1:2, wt.%) was pressed
into a coaxial ring with an outer diameter (¢,) of 7.00 mm
and an inner diameter (¢;) of 3.04 mm in the frequency
range of 2-18 GHz.

RESULTS AND DISCUSSION

PBAs and derived Fe/Co/C and Fe/Mn/C nanocomplexes
with controllable topology

The synthetic routes of PBAs and their pyrolyzed nano-
complexes are schematically illustrated in Fig. 1. The
hollow cages and solid boxes of Fe-Co PBAs or Fe-Mn
PBAs were synthesized through coprecipitation methods,
where the ion exchange reaction of bivalent Co”* or Mn®*
ions and cyanide ferrate occurred in deionized water or
ethanol/deionized water solution. The as-synthesized
hollow Fe-Co PBA cages (Fig. 2a), hollow Fe-Mn PBA
cages (Fig. 3a) and solid Fe-Co PBA boxes (Fig. 2d), solid
Fe-Mn PBA boxes (Fig. 3d) were observed in TEM
images. Either hollow cages or solid boxes show a well-
defined hexahedron shape with a size in the range of 200-
500 nm. Meanwhile, the EDS elemental mapping images

Pyrolysis
—

Solld Fe-Mn PBA Box

Solid Fe-Co PBA Box Solid Fe/bo/C nanocomplex

Hollow Fe-Co PBA Cage Hollow Fe/Co/C nanocomplex

Figure 1 Schematic illustration of the fabrication route toward hollow PBA cages and solid PBA boxes and their derived nanocomplexes.
(a) Synthesis of solid Fe-Co and Fe-Mn PBAs without PVP and trisodium citrate dihydrate. (b) Synthesis of hollow Fe-Co and Fe-Mn PBAs with PVP
and trisodium citrate dihydrate. Preparation route of solid Fe/Mn/C (c), hollow Fe/Mn/C (d), solid Fe/Co/C (e) and hollow Fe/Co/C nanocomplexes

(f), respectively.
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Figure 2 The topologies and phase compositions of hollow cages and solid boxes of Fe-Co PBAs and their pyrolyzed Fe/Co/C nanocomplexes.
(a) TEM image and (b) corresponding element mapping (Fe, Co, C, and N) of Fe-Co PBA hollow cages. (c¢) SEM image of hollow Fe/Co/C-800. (d)
TEM image and (e) corresponding element mapping (Fe, Co, C, and N) of Fe-Co PBA solid boxes. (f) SEM image of solid Fe/Co/C-800. (g) PXRD
patterns, (h) Raman spectra and (i) hysteresis loops of pyrolyzed Fe/Co/C nanocomplexes measured at room temperature. Scale bar: 200 nm.

in Figs 2b, e and 3b, e clearly confirm the uniform dis-
tribution of Fe/Co or Fe/Mn elements in either hollow
cage or solid box. The powder XRD (PXRD) patterns of
hollow and solid PBAs in Fig. S1 (Supplementary in-
formation) well matched the peaks of potassium ferri-
cyanide frameworks. The phase purity of the cubic PBAs
verified their high crystallinity as supposed. The different
topological structures can be obtained by controlling the
usage or absence of PVP and trisodium citrate dihydrate.
PVP was the key factor for forming uniform solid cubic
PBAs without trisodium citrate dihydrate. The amide
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group of PVP would weakly coordinate with Co”* or
Mn”" ions during the nucleation and growth of hollow
Fe-Co and Fe-Mn PBAs. Therefore, the hollow structures
of PBAs can be synthesized during the etching of triso-
dium citrate dihydrate [44,47].

To investigate their thermal behaviors, TGA was car-
ried out under argon atmosphere in a temperature range
of 40-1000°C. As shown in Fig. S2, the PBAs with dif-
ferent topologies showed similar thermolysis profiles. The
initial weight loss of solid and hollow samples up to ~155
and ~180°C can be mainly attributed to the evaporation
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Figure 3 The topologies and phase compositions of hollow cages and solid boxes of Fe-Mn PBAs and their pyrolyzed Fe/Mn/C nanocomplexes.
(a) TEM image and (b) corresponding element mapping (Fe, Mn, C, and N) of Fe-Mn PBA hollow cages. (c) SEM image of hollow Fe/Mn/C-800.
(d) TEM image and (e) corresponding element mapping (Fe, Mn, C, and N) of Fe-Mn PBA solid boxes. (f) SEM image of solid Fe/Mn/C-800.
(g) PXRD patterns, (h) Raman spectra and (i) hysteresis loops of pyrolyzed Fe/Mn/C nanocomplexes measured at room temperature. Scale bar:

200 nm.

of water in PBAs. As the temperature rose, the decom-
position and weight loss of solid and hollow PBAs oc-
curred above 550°C. To ensure the ideal preparation of
EM wave absorbing nanocomplex, the pyrolysis tem-
perature of 800-900°C might be a good choice. After
pyrolysis of PBAs, the obtained Fe/Co/C and Fe/Mn/C
nanocomplexes were partially collapsed and nearly re-
mained the hollow cage-like or solid box-like shapes as
depicted in Fig. 1c-f. For solid Fe/Co/C (Fig. 2f) and Fe/
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Mn/C (Fig. 3f) nanocomplexes, some nanoparticles gra-
dually dissociated from the box surfaces, where the car-
bon nanorods were generated via transition metal
catalysis. The solid Fe/Co/C nanocomplex was wrapped
with more nanorods than the solid Fe/Mn/C nanocom-
plex under the same pyrolysis temperature. Obviously, for
the hollow Fe/Co/C nanocomplex (Fig. 2c), some nano-
particles were filled on or between cubic cages. On the
contrary, the hollow cages of Fe/Mn/C nanocomplex
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(Fig. 3¢) were identical only with a few collapsed particles.

PXRD was utilized to confirm their phase compositions
and crystalline features. As shown in Fig. 2g, the dif-
fraction peaks of hollow and solid Fe/Co/C nanocom-
plexes at 44.9°, 65.3° and 82.7° can be assigned to the
(100), (200) and (211) planes of cubic CoFe crystal
(JCPDS # No. 49-1568). By contrast, as shown in Fig. 3g,
the diffraction peaks of hollow and solid Fe/Mn/C na-
nocomplexes match well with MnFeO, crystal (JCPDS #
No. 10-0319) and Fe;g;Mng 4Ny crystal (JCPDS # No.
47-1048). The special Fe-Co or Fe-Mn phase was well
formed in the nanocomplex after pyrolysis in argon at-
mosphere.

For the carbon species in the nanocomplex, the Raman
spectra in Figs 2h and 3h show two typical peaks at
1350 cm ' (D band) and 1580 cm ' (G band). As well
known, D band is related to defect/disordered carbons
and G band represents stretching vibration of sp” gra-
phitic carbons, where the integral intensity ratio (Ip/I;)
can be applied to evaluate the graphitization degree of
carbons [20]. The I/I; for solid Fe/Co/C-800, solid Fe/
Co/C-900, hollow Fe/Co/C-800 and hollow Fe/Co/C-900
(the number denotes pyrolytic temperature) were 1.24,
1.06, 1.42 and 1.15, respectively. Similarly, the I/I; ratios
for solid Fe/Mn/C-800, solid Fe/Mn/C-900, hollow Fe/
Mn/C-800 and hollow Fe/Mn/C-900 were 0.87, 0.82, 1.09
and 0.98, respectively. The decreased Ip/I; at higher
temperature indicates the positive contribution for en-
hancing the graphitization degree of nanocomplex. Both
hollow Fe/Co/C and hollow Fe/Mn/C show higher Ip/I;
than their solid analogues at the same pyrolysis tem-
perature. Since high Ip/I; means more defects or dis-
orders that will lead to low electronic conductivity and
high dielectric loss [48], the comprehensive effect of
graphitization degree is very important for EM wave
absorption as discussed later.

The PBAs and derived nanocomplexes with different
topologies displayed typical type-IV isotherms with hys-
teresis loops in the relative pressure (P/P;) range of 0.6-
1.0 (Figs S3-S5). The BET specific surface area of the
nanocomplexes gradually decreased as elevating pyrolytic
temperature. The pore size was mainly below 32 nm
(Table S1). During the transformation from PBAs to
nanocomplexes, as shown in Figs 2 and 3, the decom-
position of organic components and the collapse of cubic
frameworks occurred at the same time at high tempera-
tures. It also led to a rapid decrease in the specific surface
area of the resultant nanocomplex. Anyway, the hollow
topology and mesoporous structure are helpful to reduce
the density and enhance the multi-RL of EM wave inside
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the nanocomplex.

Magnetic and dielectric properties of hollow and solid Fe/
Co/C and Fe/Mn/C nanocomplexes

Considering that magnetic response is a crucial factor to
EM wave absorption, the dependence of magnetic field on
the magnetization of nanocomplexes is shown in Figs 2i
and 3i. A significant hysteresis loop was observed. From
the saturation magnetization (M), coercive force (O,) and
magnetic susceptibility (y>0) shown in Table S1, it can be
concluded that all the Fe/Co/C nanocomplexes display
ferromagnetic behavior due to the unsaturated 3d orbital
electron interaction between the ferromagnetic metal iron
and cobalt. On the contrary, the M, O, and y of Fe/Mn/C
nanocomplexes are almost close to zero because the anti-
ferromagnetic manganese neutralizes the ferromagnetic
metallic iron in this case. Therefore, the EM wave at-
tenuation in Fe/Mn/C nanocomplex can only be depen-
dent on dielectric loss and multiple RL in hollow and
mesoporous structure. Nevertheless, the magnetic re-
sponse of either hollow or solid Fe/Co/C nanocomplexes
is positive to EM wave absorption.

In general, complex permittivity (¢,=¢'—je") and per-
meability (u,=p'—ju") are often used as key EM parameters
to evaluate the loss mechanism of absorbers [49]. The
impedance (1 =.[u/e) of EM absorption materials de-
termines whether the incident EM wave is reflected or
transmitted on the material surface. The EM parameters
can be tuned by the phase composition and topology of
the nanocomplexes. The ¢ and €" in Fig. S6 decreased
from ~20 to ~3 and from ~13 to ~1 for all the Fe/Co/C
nanocomplexes, respectively. The &' and ¢" of solid Fe/Co/
C-900 were higher, indicating higher energy storage and
dielectric loss of EM wave. The distinct peak bump of ¢"
in 3-8 GHz for solid Fe/Co/C-800 indicated strong di-
electric loss capacity. In contrast, the ¢ and &" of solid
nanocomplexes were both higher than hollow ones under
the same pyrolysis temperature in most cases. For Fe/Mn/
C nanocomplexes, the ¢ ranging from ~16 to ~4 also
exhibited dispersion behavior as the frequency increased
(Fig. S7). However, the dependence of ¢" on frequency
showed a relatively violent fluctuation. In the same way,
the complex permittivity for solid Fe/Mn/C was higher
than that for the hollow ones under the same pyrolytic
conditions in most cases. The permittivity is related to the
degree of graphitization and resultant electronic con-
ductivity. As shown in Fig. 3, the enhanced permittivity is
mainly due to some carbon nanorods existing in the solid
Fe/Mn/C nanocomplex.
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Fig. S8 illustrates the frequency dependence of complex
permeability for ferromagnetic hollow and solid Fe/Co/C
nanocomplexes derived at different pyrolytic tempera-
tures. The y' and p" of solid Fe/Co/C are higher than that
of hollow Fe/Co/C in most cases. The initial susceptibility
(x>0) in Table S1 indicated ferromagnetic response be-
havior according to the following Equations (1-3) [50]:

x=M/H, @)
©=1+ (M/H)coso, )
u"=1+(M/H)sino, 3)

where M is the magnetization, H the external magnetic
field, and o the phase lag angle of magnetization behind
the external magnetic field.

For the Fe/Co/C nanocomplex, the complex perme-
ability is distinctly different with frequency, where the u'
varies from 0.8 to 1.6 and the y" varies from 0 to 0.7,
respectively. The solid Fe/Co/C-800 shows the highest y'
and y" among all the Fe/Co/C nanocomplexes. If the
pyrolysis temperature rises to 900°C, which is close to the
Curie temperature of metallic cobalt, the permeability will
decrease. Compared with y' and y", the saturation mag-
netization is less than 1 for all the Fe/Mn/C nanocom-
plexes. It should be pointed out that the permeability for
some samples in 6-18 GHz increased as presented in Figs
S8 and S9. Although it is abnormal due to the Snoek limit
for traditional ferromagnetic materials, the microcurrent
loop and EM induction induced by heterostructure ani-
sotropy might be the main reason [51]. As illustrated in
Figs 2f and 3f, the graphitic carbons or nanorods were
distributed on or around the surface of cubic Fe/Mn or
Fe/Co particles to form the heterostructure. Similar to
expanded graphite/Fe;O, nanoring composites [51], the
conductive networks were formed with the graphitic
carbons or nanorods and cubic Fe/Mn or Fe/Co particles
in the nanocomplexes. The microcurrent loop could be
formed around different interfaces of cubic magnetic
nanoparticles, resulting in EM induction. It might be the
main reason for the increase of permeability for either Fe/
Co/C or Fe/Mn/C nanocomplexes. At the same time, the
magnetic hysteresis loop almost coincides with the initial
response curve. The initial susceptibility (y = 0) in Table
S1 indicates that the contribution of magnetic loss for EM
wave absorption can be neglected. The dielectric loss will
play a key role for Fe/Mn/C nanocomplexes.

EM wave absorption performance of hollow and solid Fe/
Co/C and Fe/Mn/C nanocomplexes
The EM wave RLs of hollow and solid Fe/Co/C and Fe/
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Mn/C nanocomplexes were calculated based on the
complex permittivity and permeability according to the
transmission line theory using the following Equations
(4) and (5) [52,53].
Zi,—1

Zin

Zin = \//;j:taﬂhpﬁ,\ /urgr]9 (5)

where Z,,, y, and ¢, are the normalized input impedance,
permittivity, and permeability, respectively. The f, d and ¢
represent the microwave frequency, thickness of sample
and the velocity of the EM wave in vacuum, respectively.
In general, the RL value of less than —10 dB represents
that EM wave is attenuated at least 90%.

In Fig. 4, the RLs versus frequency for all samples at the
same thicknesses of 2.0 and 2.5 mm are presented. It can
be seen that the EM wave attenuation is strongly de-
pendent on the phase compositions and topologies of the
nanocomplexes. Compared with Fe/C nanocomplex de-
rived from PB under the same pyrolysis condition
(Fig. S10), the minimum RL of solid Fe/Co/C-900 reaches
—54.6 dB at 16.1 GHz with a thickness of 2.0 mm (Fig. 4).
The attenuation ability of EM wave is greatly improved
after the introduction of cobalt. Meanwhile, the EAB of
solid Fe/Co/C-900 achieves 8.8 GHz at a thickness of
2.5 mm. The EAB and RL value show an obvious diversity
with different thicknesses, pyrolysis temperatures and
topological structures. The solid Fe/Co/C-800 possesses
lower RL and higher EAB than hollow Fe/Co/C-800 at the
same thickness. And the EAB of solid Fe/Co/C-900 is also
higher than that of hollow Fe/Co/C-900 with a thickness
of 2.5 mm (Fig. 4a, b). The difference in absorption is
mainly caused by topological structure and the graphiti-
zation degree of carbon as depicted in Fig. 5a, b. Com-
pared with hollow Fe/Co/C, the solid Fe/Co/C wrapped
with carbon nanorods possesses higher I/I; and degree
of graphitization. The graphitization and carbon nanor-
ods provide more efficient dielectric loss. Hence, the solid
box-like Fe/Co/C shows strong EM wave absorption and
broad bandwidth.

However, for the Fe/Mn/C nanocomplex, the EAB and
RL for hollow Fe/Mn/C-800 are obviously better than
those of solid Fe/Mn/C-800. As shown in Fig. 4c, the EAB
of hollow Fe/Mn/C-800 is 6.7 GHz, higher than that of
solid Fe/Mn/C-800 (4.7 GHz) at the same thickness of
2.5mm. Similarly, the EAB of hollow Fe/Mn/C-900
(3.3 GHz) is also higher than that of solid Fe/Mn/C-900
(2.9 GHz) at the same thickness (Fig. 4d). The phenom-
enon is attributed to the hollow cage structure of

RL=20log , , “)
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Figure 4 The comparison of EM wave absorption performance for pyrolyzed Fe/Co/C and Fe/Mn/C nanocomplexes. RL of (a) solid and hollow Fe/
Co/C-800 nanocomplexes, (b) solid and hollow Fe/Co/C-900 nanocomplexes, (c) solid and hollow Fe/Mn/C-800 nanocomplexes and (d) solid and

hollow Fe/Mn/C-900 nanocomplexes.

Fe/Mn/C nanocomplex. As shown in Fig. 5¢, d, the EM
wave enters the hollow structure and leads to the multiple
RL and dielectric loss, enhancing the absorption perfor-
mance, i.e., high EAB and low RL. On the contrary, it is
difficult for EM wave to penetrate into the interior due to
the higher value of permittivity and solid structure of
solid Fe/Mn/C-900. In addition, the hollow Fe/Mn/C-800
has broader EAB and RL than solid Fe/Mn/C-800. It is
confirmed that hollow structures with the suitable EM
parameters can efficiently enhance the EM wave ab-
sorption.

The EM wave attenuation constant («) in the interior of
hollow cages and solid boxes can be accessed via the
following Equation (6) [20,54]:

2nf

c

y o, ro ", L 12 - ror 2
s ey e sy s )
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As shown in Fig. S11, an obvious increase of « in 8-
18 GHz can be observed for all the nanocomplexes. The
solid Fe/Co/C-900 exhibits the highest «, which is con-
sistent with the maximum absorption and EAB with a
thickness of 2.5 mm. Similarly, the hollow Fe/Mn/C-900
also has the maximum «, though it does not show the best
absorption bandwidth and absorption intensity as illu-
strated in Fig. 4d. Of course, the highest a cannot fully
prove that the nanocomplex has strong EM wave ab-
sorption ability. It also requires impedance characteristic
of absorbers close to that of the free space calculated by
Equation (1). The frequency dependence of |Z;,/Z,| for all
samples is shown in Figs S12 and S13. The value of |Z,,/
Zo| is close to 0.8-1.2, close to the best impedance
matching. The value of |Z,,/Z,| for solid Fe/Co/C-900 is
close to 0.9 when the EAB achieves maximum at a
thickness of 2.5 mm. In this case, the incident EM wave
can enter the absorber to a great extent as the optimal
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impedance matching. However, the value of |Z,,/Z| for
solid Fe/Mn/C-800 is below 0.8, so its RL is above —10 dB
in correspondence with the impedance mismatching
feature at a thickness of 2.0 mm.

Compared with Fe-based hybrids or metal/carbon na-
nocomposites-derived MOFs reported previously, both
Fe/Co/C and Fe/Mn/C nanocomplexes exhibited ex-
cellent EM wave absorption in the frequency range of 2-
18 GHz. As illustrated in Fig. 5e, f and Table S2, the top
right corner represents the optimal EM wave perfor-
mance. The solid Fe/Co/C-900, hollow Fe/Co/C-800 and
hollow Fe/Mn/C-800 all show favorable optimal EM wave
absorbing abilities from the viewpoint of either EAB or
RL. In details, for the Fe/Mn/C nanocomplex, the hollow
Fe/Mn/C-800 shows the best EM wave absorption from
the viewpoint of both RL and EAB. For Fe/Co/C nano-
complex, the solid Fe/ Co/C-900 possesses the best EM
wave absorption. The EAB of 8.8 GHz at a thickness of
2.5 mm for solid Fe/Co/C-900 is a new record for this
type of materials. As shown in Fig. 5a-d, in addition to

2058

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

reflection and transmission, the interface polarization is
also important for absorbers. The graphitic carbons or
nanorods in nanocomplexes provide more interfaces,
enhancing the interface polarization. The migration of
electric dipoles induced by interfacial polarization leads
to dissipation of EM wave in absorbers. Therefore, a
broad EAB was achieved in solid Fe/Co/C-900 nano-
complex.

For further analysis, the EM loss mechanisms of Fe/Co/
C and Fe/Mn/C are different. For Fe/Co/C, the magnetic
loss, dielectric loss and interface polarization, as well as
the carbon nanorods-wrapped FeCo magnetic core are
beneficial for enhancing the EM wave absorption. The
interface polarization and magnetic loss induce high EM
wave attenuation. That is the reason that solid Fe/Co/C
possesses better absorption than hollow Fe/Co/C. On the
contrary, the contribution of magnetic loss is almost zero
as for Fe/Mn/C, and the dielectric loss and multi reflec-
tion in the hollow cage-like nanostructure become the
main factor to EM wave attenuation. In the future design

October 2020 | Vol.63 No. 10
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of highly efficient EM wave absorbing materials using
MOFs, the magnetic loss, dielectric loss, phase composi-
tion and topology should be considered in a compre-
hensive perspective.

CONCLUSIONS

The PBA hollow cages and solid boxes were synthesized
through the coprecipitation method and the pyrolyzed
hollow cage-like or solid box-like magnetic/dielectric
Fe/Co/C and dielectric Fe/Mn/C nanocomplexes were
obtained with controllable topological structures. The
solid box-like Fe/Co/C-900 and hollow Fe/Mn/C all
showed favorable absorbing abilities from the viewpoint
of either EAB or RL. For solid box-like Fe/Co/C-900, the
EAB of 8.8 GHz at a thickness of 2.5 mm is a new record
for this type of materials. The tuning of EM wave ab-
sorbing ability via topology-controllable MOFs is very
important for the design of absorbers. And the highly
efficient and broad absorbing nanocomplexes possess
great potential in antenna housings, radomes, aero-en-
gines and stealth aircrafts.
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