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Microstructure induced dielectric
loss in lightweight FesO,4 foam
for electromagnetic wave absorption

Qing Chang,'? Hongsheng Liang,’ Bin Shi,** and Hongjing Wu'**

SUMMARY

Fe3O,4 has been extensively applied in electromagnetic wave absorption field
profiting from its advantageous magneticloss, low cost and environmental benig-
nity. Nevertheless, the inherent drawbacks of high density, low permittivity and
easily magnetic aggregation are still the obstacles for pristine Fe30, becoming
ideal absorbents. To overcome such limitations, a design mentality of construct-
ing 3D structure shaped by curled 2D porous surface is proposed in this study. 3D
structure overcomes the easy-agglomeration issue of 2D materials and mean-
while maintains their conductivity. The complex permittivity of samples is regu-
lated by adjusting the microstructure of Fe30,4 to achieve optimum impedance
matching. Defect induced polarization and interfacial polarization are the main
loss mechanisms. Impressively, the density of S0.5 is only 0.05078 g/cm? and
the effective absorption bandwidth is up to 6.24 GHz (11.76-18 GHz) at
1.8 mm. This work provided a new insight for structurally improving the EMW
absorption performance of pure magnetic materials.

INTRODUCTION

Nowadays, the rapid advancement of information technology boosts the wide usage of electronic equip-
ment in military and civil field, and the resultant electromagnetic pollution and interference are increasing
seriously and attract more attention (Liu et al., 2021a; Zhang et al., 2021; Zhao et al., 2020a; Wu et al., 2019;
Lvetal., 2018). Electromagnetic wave (EMW) absorbents, which can absorb EMW energy and converse into
heat energy, have been extensively and deeply researched, and especially, lightweight and broadband
EMW absorbents have become research hotspots in recent years to satisfy the stringent requirement
(Qinetal., 20213, 2021b; Zhao et al., 2020b; Wu et al., 2015; Liu et al., 2021b; Li et al., 2021; Zhao et al., 2021).

Magnetite (Fe30y), a typical ferrite, has been widely used for EMW absorption owing to its low cost, envi-
ronmental benignity and advantageous magnetic loss (Wang et al., 2019; Zhou et al., 2020; Wu et al.,
2020a). However, single Fe3O4 has not been extensively studied, imputing to the fact that its inherent
high density and low permittivity can hardly meet the requirements of advanced absorbers for lightweight
and broadband absorption (Tong et al., 2011; Chen et al., 2020; Sun et al., 2011). To achieve high-efficiency
absorption, combining magnetic Fe304 nanoparticles with dielectric carbon materials is deemed a scheme
to reduce the density and broaden the effective absorption bandwidth of absorbents, so various Fe304/C
composites represented by Fe;Oy/carbon foams (Meng et al., 2020) and CNT/Fe;Q4 aerogels (Jia et al.,
2017) emerge in an endless stream in recent years. Unfortunately, these schemes have not addressed
the issue for the impedance mismatch and low permittivity from the perspective of Fe;O, itself, to say
nothing of tedious preparation, high cost, and the use of toxic reagents hardly meeting the requirements
of industrialization and sustainable development. Accordingly, a handy and low-cost regulation strategy of
EMW absorbing performance focusing on Fe;Oy itself is extremely desired.

Constructing porous structure and cavity is another avenue to adjust impedance matching characteristics
and tailor electromagnetic parameters of single absorbent (Ma et al., 2021; Yan et al., 2018; Qin et al.,
2020a; Yang et al., 2021), because the high porosity can reduce the weight of materials and produce po-
larization loss at the same time. In the view of structure, porous structures are conducive to the entrance
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of incident EMW into the absorber so as to ameliorate impedance matching, and moreover, plenty of prop- https://doi.org/10.1016/].isci.
agation channels prefer to trap incident EMWs and consume them through multiple reflections (Li et al., 2022.103925
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2019a; Liang et al., 2021). Consequently, a few efforts have been devoted to fabricate spherical porous
Fe3O,4 absorbents. For example, multilevel nanoporous Fe3O4 microspheres prepared by Qing et al.
(2014) display dual adsorptions at both low frequencies and high frequencies. Li's group (Li et al., 2016) pre-
pared Fe;O4 hollow/porous spherical chains also display outstanding absorption capability (—=52.8 dB at
2.6 mm). However, the limited improvement of complex permittivity is still a stumbling block for pure
Fe304 to achieve satisfactory EMW absorbing performance, let alone practical application.

Two-dimensional (2D) structure brings dawn for the improvement of complex permittivity, owing to its fea-
tures of small thickness and high specific surface area, in which the former improves conductivity loss by
shortening conductive paths and the latter generate enhanced polarization loss through abundant inter-
faces (Qin et al., 2020b; Sun et al., 2017; Han et al., 2017). For example, Che's group (Li et al., 2019b) re-
ported that the imaginary part of permittivity could be enhanced by the collective migration of polarization
electrons near the interfacial planes of ZnCo,0, flakes so as to improve the EMW absorption ability.
Liuetal. (2018) referred to that sheet-shaped particles would exhibit increased permittivity for the enhance-
ment of interface polarization caused by the large specific surface. However, agglomeration interaction be-
tween 2D nanostructures will seriously affect their dissipation capacity for EMW, particularly serious for
magnetic particles. Based on the issues above, building a spatial three-dimensional (3D) structure con-
structed by curled 2D surface may be a perfect solution to overcome agglomeration while maintaining
the conductivity of 2D materials. Coupled with porous architecture, the unique shape can reduce density,
improve the impedance matching, and further promote the dielectric loss at the same time.

Here, Fe30,4 foams with unique 3D structure shaped by the folding of 2D curved surface were prepared us-
ing a facile sol-gel autocombustion method. The violent release of heat and gas during combustion pro-
cess facilitated the formation of Fe3O, porous foam, the density of which is even low to 0.03368 g/cm?
and the specific surface area is as high as 61.64 m?/g. The complex permittivity of Fes04 porous foam is
regulated by adjusting the microstructure of Fe30,4 foams to achieve optimum impedance matching, which
is the prerequisite of excellent absorption performance. The defect induced polarization, which caused by
oxygen vacancies and lattice defects, together with interfacial polarization are the main loss mechanisms.
Impressively, the EAB of SO.5 is as wide as 6.24 GHz at a small thickness of 1.8 mm, which outperforms all
reported pure Fe3O4 absorbents (Tong et al., 2014; Han et al., 2014) and even surpasses most Fe3Oy4-based
composites (Zhang et al., 2018; Qiao et al., 2018; Zhou et al., 2019; Liu et al., 2020; Gao et al., 2020; Jin et al.,
2021). Moreover, the qualified bandwidth (90% absorption) achieves 15.52 GHz (2.48-18 GHz) under 1.2-
5.0 mm thicknesses. Our work provided a new insight for improving the EMW absorption performance
of pure magnetic materials by structure adjustment.

RESULTS AND DISCUSSION

Figure 1A graphically depicts the preparation process of Fe30,4 foams through a sol-gel autocombustion
method. Briefly, Fe* chelated with citric acid (CA) at a condition of pH = 7 to obtain sol solutions of ferric
citrate firstly. After drying, xerogels constructed by network-like ferric citrate were harvested. When the xe-
rogels were ignited, a large amount of gas (H,O, CO,, CO, NO, NO,, H,, CHy) released during the com-
bustion process endowed the products fluffy structures, simultaneously reduced part of Fe** to Fe?*
and eventually produced lightweight Fe3O, foams. As evidence, the prepared Fe3O4 foam can be placed
on a rose flower easily without obvious deformation in the petals (Figure 1A). As reported, the maximum
temperature of combustion reaction is related to the stoichiometric ratio of fuel (CA) and oxidant (nitrate).
Specifically, the temperature of rich-fuel system is higher, while the temperature of lean-fuel system is
lower, even incomplete combustion (Hua et al., 2012). As shown in Figure 1B, when increasing the ratio
of citric acid from 0.3 to 0.9, the surface of microstructure gradually become smooth and the thickness
get thinner. What's more, the open channels throughout the structure gradually decrease, and are re-
placed by massive caves formed by folded of curved surface. This is derived from the fact that the increased
proportion of CA promotes the release of heat and gas, so as to promote crystal fusion and volume expan-
sion of products (Zhang et al., 2016), which produce smoother surfaces, thinner thickness and more folds,
and further reduce the density and increase the specific surface area of products, which may enhance the
polarization loss. Briefly speaking, the morphology and electromagnetic parameters of the products can be
modulated by simply changing the adding amount of CA.

The crystal phases and compositions of synthesized products were characterized by XRD. When the ratio
of CA changes in the range of 0.3-0.9, the as-obtained samples are all cubic spinel Fe304 (JCPDS card No.
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Figure 1. Synthesis scheme and morphology characterization of Fe;0, foams
Synthesis scheme (A) of Fe30,4 foams using sol-gel autocombustion method and the morphological characteristics (B) of
Fe3O,4 foams under different ratio of citric acid.

65-3107) with high purity (Figure 2A), while the product of S0.1 is Fe,O3 (Figures S1 and S2), indicating that
only when the fuel ratio changes within an appropriate range, can the Fe30, foam be successfully obtained.
Meanwhile, the sharp peaks in Figure 2A hint the high crystallinity of Fe3Qy4, proving that the heat released
in autocombustion process at ignition temperature of 200°C is enough to obtain Fe3O4 with high crystal-
linity. The crystal structure in Figure 2B well exhibits the typical Fd3m space group of Fe30y, in which Fe®*
mostly on octahedral sites (green) and Fe?* mostly on tetrahedral sites (orange). The Raman spectra further
confirm the crystal type of products (Figure 2C), in which the peaks at 219, 284 and 397 cm ™~ are assigned to
Eog Tog and Ajg model of cubic spinel Fe3O4 (Xu et al., 2019). Noteworthily, a distinct redshift occurs in the
peaks of S0.7 and S0.9 in comparison with the other samples, meaning the increase of residual stress and
lattice distortion (Chang et al., 2021a). As is reported, lattice defects will cause the uneven distribution of
local charge and result in polarization loss of EMW (Qin et al., 2021b; Liang et al., 2020). Therefore, it is pre-
liminarily speculated that S0.7 and S0.9 may produce stronger lattice defect polarization than 50.3 and S0.5.

The surface element valences and chemical bond types of the Fe3O, foams are further investigated by XPS.
The full spectra (Figure 2D) prove the presence of Fe, O and C elements in all samples. Taking S0.5 as an
example, the enlarged drawings of the part in red dotted frame are shown in Figures 2E and 2F, respectively.
In detail, the two major peaks at 710 and 725 eV in the high-resolution Fe2p XPS spectrum (Figure 2E) corre-
spond to Fe2ps/, and Fe2py,, respectively (Shi et al., 2019; He et al., 2020), and peak fitting further reveal the
coexistence of Fe®* and Fe?*. Meanwhile, a distinct O1s peak in full spectrum prove the high content of ox-
ygen element, which was further divided into Fe-O bonds (O1), oxygen vacancy (O2) and O-H bonds (O3)

¢? CellPress

OPEN ACCESS

iScience 25, 103925, March 18, 2022 3




¢? CellPress

OPEN ACCESS

iScience

A = Cc
=5 =g
S = —% —_
~ ~ S N~ 3 )
S09 3198 g8+ B
5| s0.7 -
S 3
et o
> 8
% | S0.5 =
o [73
2 e
£ 2
S0.3 A =
Fe304 L JCPDS card NO. 65-3107
1 T |
10 2 30 4 5 6 70 8 Y - . , , ; ;
26 (degree) 100 200 300 400 500 600 700
Raman shift (cm'1)
,—‘ ————————————————————————————————————————————————————————————————————————————————————————————————— ~
7 N,
I' D E 5000 F 6000 \‘
1 \
H 5000 !
: 4000 :
! . = S 4000 1
3 s s !
1 © -~ -~ 1
1 by 2> 2 1
1 2 2 3000 K 3000 4 1
! 2 2 2 1
1 2 = E !
: = 2000 :
: 2000 :
i 10004 :
1 Fe2p 1
| - - . . ; 1000 . 0 : . : . [
‘\ 0 200 400 600 800 1000 1200 710 720 730 528 530 532 534 ’I
‘\~~ Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) _’,l
G 400 ; H 00 . I -
—=—80.3 — - centered diameter —9— S0.3
$0.5 / ', 80 __70 =l (nm) $0.5
807 v 60 I | $0.3 3.31 S0.7
3001 —v—50.9 / / // e @ 05" 354 oS00
o e Eoe 4.01
£ / e ~ 204 £ 50
3 S 20 = 3.50
/. ~ 3 ° =~ :
£ 200 ;A 2 o Li0] o
X S £ 1)
? [ s / = 20 8 Seees Z
N bz } / < 304
a4 1o / -40 - Z
100 1 s / € 204
=4 ol -60 g
{ 7/ 204 S 104
T T T —
0 s I 100 +———— : T ; 0 v y y y
0 100 200 300 400 -30000 -20000 -10000 0 10000 20000 30000 0.0 0.2 0.4 06 0.8 1.0
7'/ ohm cm? H (Oe) Relative Pressure (P/Po)

Figure 2. XRD patterns

(A-1) (A), crystal structure (B) and Raman spectra (C) of the Fe3Oy4 foams; full-scan XPS spectra (D) and high-resolution Fe2p (E) and O1s (F) spectra of S0.5;

Nyquist curves (G), hysteresis loops (H) and N, absorption-desorption isotherms (1) of as-obtained Fe30, foams.

(Figure 2F). The high-resolution spectra of Fe2p, O1s, and C1s for S0.3, S0.7 and S0.9 were displayed in Fig-
ure S3. It is worth noting that the concentration of active vacancy oxygen, namely oxygen defect, is propor-
tional to the ratio of O2 to O1. In terms of our samples, the concentrations of oxygen defects in the four sam-
ples are similar, which are in the range of 0.2022-0.2252 (Table S1), expressing that the oxygen defect
polarization in FesO,4 foams are equivalent. In addition, the small peak of C1s (Figures 2D and S3) may orig-
inate from the little residual carbon left after the combustion of Fe (jii)-oxalate complexes.

The conductivity and magnetic properties were measured through EIS and magnetic measurement system,
respectively. The Nyquist curves are shown in Figure 2G, it is worth to note that the Nyquist curves of S0.3
and S0.5 are composed of a semicircle part in high frequency, representing charge-transfer resistance (R)
namely impedance of material, and straight line part in low frequency (Fang et al., 2020). According to the
curve fitting results, the R of 50.3 and S0.5 are 13.86 ohm/cm? and 4.38 ohm/cm? orderly, impressing a
better conductivity of S0.5 than S0.3. On the contrary, the Nyquist curves of S0.7 and S0.9 are almost
straight line in the whole test frequency, implying the high conductivity of SO.7 and S0.9. The EIS results
demonstrate that with the increase of CA, the conductivity of Fe304 foams increases gradually, especially
when the ratio of CA is above 0.5, the conductivity is greatly improved, signifying strong conduction loss
capability of S0.7 and S0.9. The lurking reasons is speculated that the burst of heat in a fuel rich system
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promotes the crystal melting and crystallinity of Fe3O4, which reduce the energy barrier of electron transfer
between Fe?* and Fe3", so as to raise the conductivity of samples (Huang et al., 2011). The hysteresis loops
in Figure 2H prove the ferromagnetism characteristic of products and the detailed data are listed in Table
S2. The M values of S0.3 (64.39 emu/g) and S0.5 (70.85 emu/g) in room temperature are much lower than
those of bulk Fe3O4 (92 emu/g) (Qing et al., 2014). Generally speaking, M values for magnetic nanomate-
rials are lower than those for corresponding bulk materials, owing to the fact that the increasing spin dis-
order on the surface induced by the decreased grain size of magnetic nanomaterials would significantly
reduce the total magnetic moment (Jia et al., 2017; Jiang et al., 2017; Ma et al., 2021; Tong et al., 2015).
However, it is unexpected that the M; values of S0.7 (95.17 emu/g) and S0.9 (91.25 emu/g) are very close
to that of bulk Fe3Oy4, which may attribute to the large crystal sizes and high crystallinity of the as-obtained
samples. This result confirmed the previous speculation that the large amount of heat generated in the rich-
fuel system improves the crystallinity of products. Surprisingly, the H. values of as-obtained Fe304 foams
(Table S2) enhance almost two orders of magnitude than bulk Fe3O4 (1.88 Oe). It is widely known that the
larger H. of the absorbents suggests a stronger magnetic anisotropy and will result in stronger natural
magnetic resonance at a high frequency (Han et al., 2014). Under the action of a magnet, the sample is
in suspension (illustrated photo in Figure 2H), vividly displaying the lightweight and strong magnetic char-
acteristics of the as-prepared Fe3O,4 foams.

The permanent porosity of as-gained Fe30O4 foams was evaluated through N, absorption-desorption iso-
therms. As shown in Figure 21, typical type-IV isotherms with apparent type-H3 hysteresis loops imply the
mesoporous characteristics of the Fe304 foams, and the shape of type-H3 hysteresis loops is related to the
formation of slit-like pores in the aggregates of plate-like particles (Qin et al., 2020b; Sun et al., 2017). In
addition, the pore size distribution curves (insert in Figure 2I) further confirm that the four samples have
similar mesoporous structure, the center diameter of which are in the ranges of 3.31-4.01nm. Likewise,
the specific surface area of FesO,4 foams rise from 26.74, 42.88, 57.68 to 61.64 m?/g, accompanying by
the increased content of CA (Table S2 and Figure S4), which is much higher than that of porous magnetite
spheres (24.3 mz/g) (Huangetal., 2011) and hollow magnetite microspheres (12.3 m2/g) (Xiong et al., 2012).
It has been widely accepted that increased specific surface area of absorbent is benefit to enhance inter-
facial polarization stemming from heterogeneous interfaces of absorbers and adhesive such as paraffin
wax. Therefore, it can be inferred that from S0.3 to S0.9, the interfacial polarization gradually
enhances. Impressively, the density of Fe3O4 foams declines sharply from 0.2695, 0.05078, 0.04673 to
0.03368 g/cm?®, benefiting from the violent release of gas (Table 52). These data verify the previous discus-
sion on Figure 1 that the increased CA releases more heat energy and gas during combustion, so as to im-
proves the specific surface area and reduce the density of the samples at the same time.

SEM and TEM were carried out to further investigate the microstructure and pore characteristics of Fe30O4
foams. S0.3 displays rough block structures with many open channels and deep cracks (Figures 3A, 3B, and
S5A-S5F) and the wall thickness of block is about 9.14 um. The high-resolution SEM image (Figure 3C) show
clearly that the rough wall is constructed by compactly arranged Fe3O, particles in the sizes of 0.2-1.0 pm.
Increasing the ratio to 0.5, the morphology changed to distinctive 3D hollow porous structures, which
shaped by the folding of curved surface (Figures 3D and S6A-S6D). The thickness of curved surface is
0.74-0.78 pum with numerous shallow cavities (Figures 3E and S6F). The relatively smooth surface is
composed by the mutual cementation of Fe3O4 particles, and the holes formed by surface convolution
are clearly visible (Figures 3F and S6E). As expected, the raised ratio of fuel promotes the release of
heat and gas during autocombustion, leading to the cementation of Fe30, particles and formation of initial
nanopores in wall. The EDS mapping (Figure 3M) demonstrates that Fe and O element distribute evenly in
the whole microstructure with no observation of C element, expressing that the content of residual carbon
is negligible after high temperature combustion. Continue to increase the proportion to 0.7, the surfaces of
3D structures become much smoother with sparse holes (Figures 3G and S7TA-S7D). The holes at a corner of
folded surfaces show clearly the wall become thinner, which is between 0.60 and 0.67 pm (Figure 3H). The
partial enlarged view of show that the flat and smooth surface is composed of countless bonded Fe;04
nanoparticles (Figures 3l and S7E), which may be due to the fact that the boosted heat during burning pro-
mote the fusion of nanoparticles so as to make the surface more complete and smoother. S0.9 displays
nearly smooth surface with wall thickness of 0.40-0.50 um without obvious graininess (Figures 3J-3L and
S8A-S8D). Noteworthily, the interlayer of walls is full of various penetrating holes, which reduced the
mass and improved the specific surface area of samples greatly, confirming the results of BET test. Addi-
tionally, the numerous pores are beneficial to multiple reflection of EMW. It is noteworthy that the residual
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Figure 3. SEM images of S0.3
(A-0) (A-C), S0.5 (D-F), S0.7 (G-I), S0.9 (J-L); mapping of SO.5 (M); TEM images (N) and selected area electron diffraction (O) of S0.5.

carbon is negligible in all samples (Figures 3M, S5C, S7F, and S8H), which indicates that the dipole polar-
ization produced by carbon-containing functional groups is insignificant. To gain further insight, the details
of microstructure and crystal lattice are investigated deeply through TEM. Taking S0.5 as an example, these
3D microstructures are formed by stacked planar Fe3O,4 without obvious granular structures (inset in Fig-
ure 3N), demonstrating that Fe3O, grains have been integrated to form a planar structure, which is conve-
nient for the electron transfer between Fe3* and Fe?* (Lv et al., 2014). Moreover, the partial enlarged view
intuitively exhibited the porous characteristics of planar FesO4 (Figure 3N). The lattice fringes with spacing
of 0.25 and 0.30nm in the high-resolution images (Figure 30) correspond to the lattice plane of (311) and
(200) respectively, confirming the existence of spinel Fe3O4 again. Moreover, the selected area electron
diffraction (SAED) of the sample also displays typical crystal plane spacing of Fe3Oy4 (inset in Figure 30).

To clarify the relationship between microstructures of Fe304 foams and their electromagnetic behavior, the
complex permittivity (e, = €'-j¢”) and permeability (u, = w'-ju”) are investigated (Figure S9), in which the real
parts (¢/ and w') and imaginary parts (¢” and ") represent the storage and dissipation of electric and magnetic
energy, respectively. Significantly, both the ¢ and e" values of the obtained Fe304 foams are higher than that
of bulky Fe3O4 (¢ 4.6-5.2, ¢ " 0.1-1.5) (Deng et al., 2020), illustrating that the 3D foam structure greatly improve
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the dielectric properties of pure Fe30,4. Overall, accompanying the increased frequency, the ¢ values of all
samples show a downward trend with some small fluctuations, demonstrating a typical frequency dispersion
behavior. In terms of ¢", S0.7 and S0.9 have higher " values (5-12) in the whole frequency range, which may
benefit from the smooth and seamless surface constructed by molten Fe3O,4 nanoparticles. According to free
electron theory (¢" = 1/2egmpf), where g is the permittivity in vacuum, p is the resistivity and f'is the EMW fre-
quency, high " values originate from high conductivity, which is consistent with the inference of EIS, and are
conducive to producing strong conduction loss (Cui et al., 2019; Jin et al., 2020). However, it must be pointed
that eddy current induced by high conductivity under the action of EMW will in turn lead to the strong
reflection of EMW, which is unfavorable to impedance matching. In addition, the three small resonance peaks
at7 GHz, 10 GHz and 13 GHz are ascribed to the polarization relaxation induced by lattice defects and oxygen
defects referred to in Raman and XPS analysis. Comparatively, SO.3 and S0.5 displayed relatively moderate ¢
values (around 5) except for the two high peaks at 13.20 GHz (14.88) and 15.44 GHz (10.32) respectively.
Commonly, proper ¢" value is benefit for impedance matching, which is convenient for the entrance of
EMW. Moreover, the strong resonance peak in S0.3 mainly induced by the oxygen defects polarization corrob-
orating the XPS results. Ultimately, the dielectric loss factor (tan d,) reveals that S0.7 and S0.9 own higher
dielectricloss in the whole frequency range, which is dominated by stronger defect polarization (lattice defects
and oxygen vacancies) and interfacial polarization originating from large specific surface area. As for S0.3 and
S0.5, the dielectric loss is slightly weaker in 2-12 GHz, and then increase greatly when the frequency is above
12 GHz. Specifically, the dielectric loss of S0.3 mainly comes from oxygen defect polarization, while for S0.5,
the dielectric loss ability is determined by oxygen defect polarization and interfacial polarization originating
from increased specific surface area jointly.

Moreover, the u, ~ f curves of the four samples are shown in Figures S9D and S9E. Notably, the energy
transfer from permeability to permittivity was observed in the four samples (Zhang et al., 2015), which is
consistent with the aforementioned high conductivity. Obviously, the enhanced conductivity leads to
increased ¢ and decreased u. Especially, the ' values are less than one in medium and high frequency,
and even negative u" values appears in the range of 9-18 GHz (Figure S9E). This phenomenon can be ex-
plained by the fact that eddy current can be easily formed in the high conductive materials under the action
of alternating electromagnetic field, which conversely induce new magnetic field. Once the conductivity of
material approaches the percolation threshold, the resultant eddy current will shield the penetration of
EMW and radiate the magnetic energy out of absorber, reducing its permeability and producing eddy cur-
rent loss (Zhang et al., 2020; Guo et al., 2015; Yang et al., 2022). Additionally, the small fluctuation at about
4.5 GHz originates from natural resonance, which verified by the distinct resonance peak at the same fre-
quency in tanu~fcarves (Figure S9F). As is well known, if eddy current loss is the leading factor of magnetic
loss, the Cg values will remain constant with the varied frequency (Wu et al., 2020). As shown in Figure S10E,
the Cq values of S0.7 and S0.9 keep unchanged in the frequency of 10-18 GHz, proving the existence of
eddy current loss. Nevertheless, the Cq values of all samples decrease slowly in the frequency of 2-10
GHz, implying the existence of natural resonance and exchange resonance. Considering the resonance
peaks occur in the low frequency region of u"~f curves, we confirm the existence of natural resonance,
which originates from the ferromagnetic nature of Fe3Oy4.

Debye relaxation is investigated to further explore the source of dielectric loss. According to Debye relax-
ation theory (Wu et al., 2020b), the relationship between ¢" and ¢ can be expressed as following:

(8’ _& zg‘”)z + (2= (ES ;8“>2 (Equation 1)

where 7 stands for polarization relaxation time, ¢ for static permittivity, and e points to the high-frequency
limited permittivity. A Cole-Cole semicircle corresponds to a Debye relaxation process. As shown in Fig-

ure ST0A, S0.3 has the most Cole-Cole semicircles, which echo to the intense resonance peak at 13.20
GHz in the ¢”~f curve, proving the dominance of oxygen defect polarization in S0.3 again. Similarly, three
Cole-Cole semicircles originating from oxygen defect polarization also exist in S0.5 (Figure S10B). Addi-
tionally, a distinct tailing observed confirms the enhanced conductivity. Comparatively, two irregular semi-
circles followed by a long tailing existing in S0.7 and S0.9, proving the coexistence of defect polarization
coming from oxygen vacancies and lattice defects, and conduction loss (Wei et al., 2022). What's more,
the severely deformed Cole-Cole semicircles reveal the enhanced interfacial polarization owing to the
significantly increased specific surface area. The change in dielectric loss mechanism of the Fe3O4 foams
varied the ratio of CA can be explained as follows: when the fuel is insufficient (S0.3), the rough surfaces
scattered with cracks, which result from the less released heat and gas, have a small specific surface
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petals of Chinese rose; comparison of EAB for the as-obtained Fe;O,4 foams.
(F) EMW absorption performance of S0.5 and Fe3Oy4-based absorbing materials reported in literature.

area and thereby produce weak interfacial polarization. Therefore, defects polarization induced by oxygen
vacancies becomes the dominant loss mechanism in S0.3. Along with the increased fuel ratio, the violent
release of heat and gas makes the product fluffy, which greatly improve the specific surface area of samples,
and facilitates the melting of Fe3O,4 nanoparticles, which make the product surface smoother and reduce
the energy barrier of electron exchange between Fe?" and Fe3* simultaneously (Xiong et al., 2012), so as to
rise the interfacial polarization and conductivity greatly. Moreover, the defect polarization derived from lat-
tice defects and oxygen vacancies is also enhanced tremendously with the increased CA. Briefly, the dielec-
tric loss of Fe3O4 foams can be adjusted effectively simply by controlling the ratio of CA.

EMW absorption performances of the four samples are shown in Figures 4A-4D. Reflection loss (RL) is
commonly applied to evaluate the EMW absorption property of absorber. When more than 90% of the
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incident EMW is absorbed, the value of RL is less than —10 dB, namely efficient absorption, and the corre-
sponding widest frequency range is efficient absorption bandwidth (EAB). There is no doubt that SO.5 dis-
plays the optimal EMW absorption performance. The EAB reaches 6.24 GHz (11.76-18 GHz) at a small thick-
ness of 1.8 mm, achieving the widest EAB among the reported single Fe3O, absorbent so far and even
beyond most of the Fe304-based composites (Zhang et al., 2018; Qiao et al., 2018; Zhou et al., 2019; Liu
et al.,, 2020; Gao et al., 2020; Jin et al., 2021). The qualified bandwidth is up to 15.52 GHz (2.48-18 GHz)
by changing the thickness from 1.2 to 5.0 mm. Similarly, the EMW absorption performance of S0.3 also
meets the basically requirement relying on its qualified absorption bandwidth almost covering 2-18
GHz. However, the poor EAB of 3.52 GHz seriously limits its practical application. As for S0.7 and S0.9,
the valid absorption band locates in high-frequency region of 13-18 GHz and the EAB is 4.16 and 3.60
GHz at a small thickness of 1.5 mm, respectively, which have little practical application value. The inserts
in Figures 4A-4D show that the as-obtained Fe;O,4 foams can be placed on the stamens and petals of
flowers without obvious deformation, highlighting their lightweight characteristics. In addition, the volume
of samples becomes larger and larger with the increasing of CA, which provides macroscopic proof for the
deduction of SEM Figure 4E intuitively present the EAB of the four samples, and the superior performance
of S0.5 is self-evident. Even if compared with existing FezOy4-based composites in literature, our Fe3O4
foam (S0.5) still exhibits prominent EMW absorbing performance (Figure 4F).

To better understand the EMW absorption mechanisms, impedance matching characteristic and EMW
attenuation property of the materials are investigated. As is known to all, impedance matching and atten-
uation capability are two key factors that determine the performance of EMW absorption, in which the
former is a prerequisite determining whether the incident EMW can enter absorbers, and the latter is
the ability of absorbers consuming incident EMW.

The delta-function method was applied to evaluate the impedance matching degree between our mate-
rials and free space (Chang et al., 2021b), and the relative formulas are listed in Equations 1-3 in supple-
mental information. The delta value maps of Fe30, foams are presented in Figure S11, in which the larger
the green zone (|A|<0.4) is, the better impedance matching of the absorbent is. Intuitively, the order of
impedance matching is: 50.5>50.3>50.7>S0.9. The impedance matching characteristic of absorbents is
influenced by composition and structure. As far as our samples are concerned, they are all pure Fe30,,
and thus the effect of components is excluded. Therefore, structure characteristic becomes the main factor
affecting impedance matching. When the ratio of CA rise from 0.3 to 0.5, the complex permittivity is prop-
erly improved along with the replacement of rough blocky structure by smooth curved surfaces, which is
helpful to improve the impedance matching. With the ratio further improved to 0.7 and above, the eddy
current induced by excessive conductivity will prevent EMW from entering the absorbents, namely deteri-
orating impedance matching. The attenuation constant () was calculated according to the Equation 4 in
supplemental information, and the curves of a varied with fwere shown in Figure ST0F. Undoubtably, S0.7
and S0.9 possess strongest dissipation capacity for EMW, relying on their strong polarization loss coming
from defects and heterogeneous interfaces. Comparatively, the declined loss capability of S0.3 and S0.5 is
mainly due to the weak lattice defect polarization and interfacial polarization. In summary, the high com-
plex permittivity of Fe30O4 foams is a double-edged sword, and thereby despite the stronger dielectric
loss of S0.7 and S0.9, their EMW absorption performance are still very poor due to the worse impedance
matching stemming from the excessive complex permittivity preventing the entrance of EMW. Conse-
quently, considering the prerequisite role of impedance matching in EMW absorption, S0.5, which owns
bestimpedance matching and moderate polarization loss, has the optimum EMW absorbing performance.

The possible EMW absorption mechanism of Fe30,4 foams is illustrated in Figure 5. In brief, impedance match-
ing, which is affected by the complex permittivity, is the major determinant for EMW absorption performance of
Fe30,4 foams, while microstructure immensely influences the complex permittivity of Fe3O4 foams. With the
raising of CA ratio, the increased complex permittivity, which originates from the increasingly smooth surface
and large specific surface area of samples, produce more and more intense polarization loss. Nevertheless,
the resultant impedance matching is optimized firstly and worsens lately. Eventually, S0.5 displays the best
absorbing performance relying on the optimal impedance matching and moderate polarization loss.

Conclusion

Lightweight coralloid Fe3O4 foams shaped by porous curved surface were prepared through a facile sol-gel
autocombustion. The complex permittivity can be significantly improved and the density is greatly reduced
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simply by increasing the ratio of citric acid. The proper improvement of complex permittivity can enhance
the impedance matching of Fe30O,4 foams, which determines the EMW absorption performance. When the
ratio reaches 0.5, the density of Fe304 foams is low to 0.05078 g/cm? and the EAB is up to 6.24 GHz (11.76-
18 GHz) at a small thickness of 1.8 mm. Owning to the advantages of light weight and broadband absorp-
tion, the as-obtained Fe;O,4 foams have great application potential in the electromagnetic absorption of
portable electronic devices, aircraft, and spacecraft.

Limitations of the study

Although lightweight and broadband microwave absorbing materials can be obtained through this facile
and low-energy method, limited by the sol-gel auto-combustion method itself, the as-obtained Fe3O4
foam is brittle, which hinders its application in flexible wearable devices. In the follow-up research, it is ex-
pected to further expand its application by combining with flexible wave transmitting materials such as
polyimide.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals

Iron(lll) nitrate nonahydrate (AR, 98.5%) Macklin CAS:7782-61-8
Citric acid monohydrate (AR, 99.5%) Macklin CAS:5949-29-1
Ammonium hydroxide solution (AR, 25-28%) Macklin CAS:1336-21-6

Deposited data

All data reported in this paper will be shared by the lead contact upon request.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Hongjing Wu (wuhongjing@nwpu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report
original code. Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

METHOD DETAILS

Materials

Iron (Il) nitrate nonahydrate (Fe(NO3)3-9H,0, 98.5%) , Citric acid monohydrate (CA, 99.5%) and Ammonium
hydroxide solution (25-28%) were procured from Macklin. All regents used in this work are analytical grade
and applied directly without further purification.

Synthesis of Fe30,4 foams

The preparation process of Fe30,4 foams referenced the previous studies (Zhang et al., 2016; Jiang et al.,
2009) and made some adjustments. In a typical protocol, 10 mmol iron (lll) nitrate nonahydrate
(Fe(NO3)3-9H,0) and a certain amount of citric acid (CA) monohydrate (C4HgO7-H,0) were first dissolved
in 50 mL distilled water and stirred for 10 min. Secondly, ammonia was added dropwise to the above mixed
solution under continuous stirring until the pH value reached 7, keeping stirring for 30 min to obtain a trans-
parent sol. Thirdly, the sol was placed in an oven designated at 95°C and dried for 24 hours to form a dry
gel, and then, the dry gel was ignited in a muffle furnace preheated at 200°C and annealed for 1 hour,
through which the gel was burned by self-propagating combustion and formed loose coralloid Fe304
foams. The mole ratio of CA to ferric nitrate is set as 0.1, 0.3, 0.5, 0.7 and 0.9 to investigate the variation
of electromagnetic parameters on proportion, and the corresponding products were signed as SO0.1,
50.3, 50.5, S0.7, S0.9, respectively. See in Figure S1 for photos of products at different stages of the synthe-
sis process.

Characterization of Fe;0, foams

The crystalline structure and phase composition of samples were analyzed by X-ray diffractometer (XRD,
with Cu Ka radiation) in the angular range of 10-90° and Raman Spectroscopy (Raman, WITec Alpha300R)
in wavenumber of 50-700 cm~", respectively. The element valence analysis was carried out through X-ray
photoelectron spectroscopy (XPS, Kratos Axis Supra). The morphologies and microstructures were
observed by emission scanning electron microscope (FESEM, JSM-7610F) and high-resolution
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transmission electron microscope (HRTEM, FEI Tecnai G2 F20 STWIN). N, adsorption-desorption isother-
meter (Micromeritics, ASAP2020) was conducted to investigate the pore characteristics of products. The
specific surface areas (Sget) were calculated by Brunauer-Emmett-Teller (BET) method using adsorption
data in a relative pressure ranged from 0.000032 to 0.99 and the pore volumes and pore size distributions
were derived from the nitrogen isotherms by the Barrett-Joyner-Halenda (BJH) method. The conductivity of
samples was studied by electrochemical impedance spectroscopy (EIS, CHI640E) in the frequency range of
0.1to 1 x 10° Hz with amplitude of 5 mV. The magnetic properties were measured by magnetic measure-
ment system (Quantum Design, MPMS3) at room temperature. Volume measurement was carried out for
Fe30,4 samples: in terms of lamellar Fe304 (S0.3), the flake was cut into square (Tcm X 1cm) and measured
thickness to obtain the volume. As for coralloid FezO,4 samples (S0.5, S0.7 and S0.9), the samples were cut
into small section with a length about 5 mm; then transferred to a measuring cylinder and compressed
tightly without destroying the structure to measure the volume. Finally, density is obtained by dividing
mass by volume.

Measurement of electromagnetic parameters

The electromagnetic parameters measurement was carried out by a vector network analyzer (Anritsu
MS46322B) in a frequency range of 2-18 GHz. Firstly, the as-prepared Fe;O4 samples were mixed with
paraffin wax at a mass ratio of 7:3, and then the mixture was pressed into a toroid shape (¢i, = 3.04 mm,
@out = 7.00 mm) for test. The reflection loss (RL) of the samples was calculated based on the transmission
line theory (Chang et al., 2021a), and the formulas were listed below:

Zin - ZO .
RL =20 log Z 7, (Equation 2)
Zin = Zo\/gtanh (j@ u,e,) (Equation 3)

where ¢, represents relative complex permittivity (e, =¢' —j¢”), w, is relative complex permeability
(n, =W —ju"), Zinrepresents the input impedance of absorbent, Zy is intrinsicimpedance in air, frepresents
EMW frequency, d is the thickness of absorbent, and c is the velocity of light in vacuum.

Measurement of impedance matching degree and attenuation constant

The impedance matching degree can be evaluated through the formula:
Al = ‘sinhz(de) - M‘ (Equation 4)
where the values of Kand M can be expressed as:

A/ WE X si Oe +0m
K = TVKE Sm( 2 ) (Equation 5)
€ X CcOS0e X COSOm,

44/cosde X € X cosdm

2 .
(w'cosde — e’cosém)2 + [tan (%" - %)} (u'cosée + (»:’c:osém)2 (Equation 6)

The attenuation constant (a) was calculated according to the equation below:

V2rf y

(o}

\/(,U'//g” _ ,U,’&‘/) + \/(,U'//g// _ ,U,/S/)Z + ('u/e.// +’u//€/)2 (Equation 7)
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