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HIGHLIGHTS

® The delicate “3D helix—2D sheet—1D fiber—0D dot™ hierarchical aerogels were successfully synthesized.

e The graphene sheets are uniformly intercalated by helical carbon nanocoils, which endow the as-obtained aerogel with abundant

porous structures and better dielectric properties.

e By adjusting the growth parameters of 0D core-shell structured particles and 1D carbon nanofibers, the tunable electromagnetic

properties and excellent impedance matching are achieved.

ABSTRACT Recently, multilevel structural carbon aerogels are
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deemed as attractive candidates for microwave absorbing materials. R o -

Nevertheless, excessive stack and agglomeration for low-dimension 20N -
carbon nanomaterials inducing impedance mismatch are significant
challenges. Herein, the delicate “3D helix—-2D sheet—1D fiber—0D

dot” hierarchical aerogels have been successfully synthesized, for the

RLpin=-37.1 dB

Reflect loss (dB)
&

~=GCA-M 10 (1.8 mm)
q RLmin=-71.5 dB —-GCA-My3-20 (295 mm) |

10 12 14 16 18
Frequency (GHz)

first time, by sequential processes of hydrothermal self-assembly and

in-situ chemical vapor deposition method. Particularly, the graphene
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sheets are uniformly intercalated by 3D helical carbon nanocoils,
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which give a feasible solution to the mentioned problem and endows e ' ! i Lt
) L a1
the as-obtained aerogel with abundant porous structures and better die- ‘: : gal g.\ 3 : ! :
lectric properties. Moreover, by adjusting the content of 0D core—shell - : : : :
3BDCNC ! 2DRGO ! 1DCNF ! 0D Particle

structured particles and the parameters for growth of the 1D carbon
nanofibers, tunable electromagnetic properties and excellent impedance matching are achieved, which plays a vital role in the microwave
absorption performance. As expected, the optimized aerogels harvest excellent performance, including broad effective bandwidth and
strong reflection loss at low filling ratio and thin thickness. This work gives valuable guidance and inspiration for the design of hierarchi-

cal materials comprised of dimensional gradient structures, which holds great application potential for electromagnetic wave attenuation.
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1 Introduction

Nowadays, microwave absorbing materials (MWAMs) have
received great interest for their wide applications in wireless
communications, information processing and Radar stealth
technologies [1-4]. To date, a large variety of traditional
materials have been developed to be used as MWAMs, such
as transition metals (Fe [5], Co [6], Ni [7], Mn [8], and their
alloys, ferrites, and ceramics [9, 10]). However, due to the
large bulk densities, poor mechanical and chemical proper-
ties, the traditional materials hardly meet practical applica-
tion requirements in future high-tech era. Thus, there has an
urgent pursuit of advanced MWAMs with strong attenuation
capability, wide effective bandwidth, low density, and thin
thickness.

In general, microwave absorption performances of
MWAMs are significantly linked with the parameters of
complex permittivity and permeability of these materials.
Therefore, an ingenious design for the special structures with
tailorable electromagnetic parameters is a feasible strategy
to upgrade their microwave absorption performance. Up
to now, the porous [11-13], core-shell [14—18], yolk-shell
[19, 20], and hierarchical-structured [21-28] materials
have been certified as efficient MWAMSs due to their special
structures endowed with multiple microwave attenuation
mechanisms. Among them, hierarchically structured mate-
rials are undoubtedly a kind of up-and-coming candidate
for MWAM s due to their features of low density, multi-
dimensional components, highly tunable dielectric loss, high
specific surface area, and favorable impedance matching.
For example, Che and his colleagues fabricated a 3D hierar-
chically structured MoS,/FeS, composite, which showed an
extended effective absorption bandwidth (EAB) of 6.48 GHz
with a filler loading ratio of 50 wt% [29]. Liu et al. syn-
thesized a composite of carbon fiber@MXene @MoS,, the
) value reached — 61.5 dB at
a thickness of 3.5 mm [30]. Wu and his co-authors prepared

minimum reflection loss (RL, ;.
an efficient EMAM of hierarchical cobalt nanocrystals/N-
doped carbon nanotubes (CNTs)/carbon sponge, the RL, ;.
value reached — 52 dB, and the EAB was 4.1 GHz at the
thickness of 2.2 mm [31]. Inspired by the excellent micro-
wave absorption performances of these unique structures
mentioned above, the novel architecture with hierarchical
structure and tunable electromagnetic parameter is a promis-
ing way to upgrade the performance of EMAMs.

© The authors

For decades, carbon-based microwave absorbing mate-
rials, such as OD fullerene, 1D CNTs and nanofibers
(CNFs), 2D graphene, and 3D carbon nanocoils (CNCs),
have attracted tremendous attention due to their out-
standing dielectric loss capacity, good corrosion resist-
ance, high physical/chemical stability, and lightweight
[32-34]. Meanwhile, it is worth noting that the differences
in hybridization form of carbon atoms and morphology
would affect the configurations and microwave absorb-
ing properties of nanostructures. Typically, OD structured
materials (fullerene or carbon-based particles) have the
advantage of integrating the magnetic and dielectric mate-
rials [35]. 1D structured materials (CNTs or CNFs) have
the advantages of high anisotropy and aspect ratio, which
facilitate the conducting loss during carrier transporting
[36]. Besides, 2D graphene consumes energy through
polarization loss and multiple reflection loss caused by
large specific surface area, abundant oxygen-containing
functional groups and multilayer structure [37]. Notably,
the latest researches have reported that hierarchical struc-
tures comprising multi-dimensional carbon materials, such
as the hybrid of particles, CNTs, and graphene, exhibit
enhanced microwave absorption performances. However,
the excessive stack of graphene and the agglomeration
of CNTs/CNFs would reduce the porosity and interfacial
compatibility of composite, which cause the interfacial
impedance mismatching [2]. On the other hand, higher
conductivities of graphitized carbon nanomaterials (CNT,
CNF, and graphene) lead to skin effect that inhibits the
further incidence of microwave into the EMAM. There-
fore, it is very important to develop a promising method
to tailor the conductivities of carbon-based hierarchi-
cal structures. To settle the tough challenges mentioned
above, a novel structure and modified preparation strat-
egy should be used. Interestingly, the CNCs give the
new inspiration for designing novel composite materials
due to its 3D morphology, chiral, and amorphous struc-
ture [38—42]. To date, the CNC-based composites have
exhibited promising microwave attenuation capability.
For example, Qin et al. prepared Fe;0,/Al,05;/CNCs by
an atom layer deposition method, and the value of RL ;,
reached — 50.7 dB at the thickness of 2.4 mm [33]. Cui and
co-authors prepared a CNCs/tissue composite, the RL ;.
value reached — 46.3 dB, and the EAB was 7.4 GHz at the
thickness of 2 mm [43]. Recently, our group reported a
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core-shell structured Fe;0,@C/CNC absorber [44], and
the RL,;, reached — 47.5 dB at the thickness of 1.7 mm,
while the value of EAB reached 5.03 GHz at the filler
loading ratio of 40 wt%. On the other hand, the unique
3D helical skeleton would alleviate the stacking of gra-
phene layers and boost the porosity of the composite. More
importantly, the chiral CNCs would induce cross-polari-
zation loss, which makes the material possess outstanding
dielectric loss performance [45]. Therefore, considering
the issue of excessive stack and agglomeration for low-
dimension carbon materials, as well as the challenge of
impedance mismatch caused by excessive conductivity, it
is a highly promising way to introduce the 3D amorphous
CNC:s into the hierarchical structure for further improve-
ments of energy attenuation and impedance matching.
Herein, we report a scalable strategy to fabricate hierar-
chical aerogels composed of CNCs/graphene/CNFs/ core-
shell particles with the “3D helix—2D sheet—1D fiber-0D
dot” structure by using self-assembly and in-situ chemical
vapor deposition (CVD) methods. The advantages of this
work are summarized as follow. First, the 2D graphene layer
is evenly inserted by the 3D spiral CNCs, which gives the
aerogel the porous structure and better dielectric proper-
ties. Then, two kinds of metal oxide nanoparticles (M-NPs)
play different roles in the following CVD process. The NiO
nanoparticle is used as a catalyst to synthesize 1D struc-
tured CNFs. As a result, the confined CNFs in aerogel tailor
the conductive loss, which would significantly upgrade the
dielectric loss of material. Besides, the 0D Fe;0,@C core-
shell composites derived from Fe,O; would not only endow
the hybrid materials with the magnetic loss but also improve
the impedance matching. Consequently, the as-prepared
hierarchical structures deliver a strong attenuation capabil-
ity and wide effective bandwidth at low filling ratio and thin
thickness. This work would shed light on the delicate design
of hierarchically structured aerogel for high-performance
microwave absorption and other potential applications.

2 Experimental Section

The synthesis procedure of the hierarchical aerogel is sche-
matically shown in Fig. 1. First, the reduced graphene oxide
(RGO)/CNC/M-NPs aerogel was synthesized by a sequential
process of hydrothermal and freeze-dry methods. Whereaf-
ter, the hierarchical RGO/CNC/CNF/M-NPs aerogels were

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

obtained through the CVD process. By adjusting the CVD
reaction time and the content of M-NPs, the samples with
different electromagnetic properties were synthesized. A
series of CNC-contained samples based on different synthe-
sis conditions are labeled as GCA-M,~Y (X=0.2, 0.3 mmol,
and Y=0, 5, 10, and 20 min, respectively). The subscript
X in labels represents the total molar mass of M-NPs in
the nanocomposite, while the Y represents reaction time of
CVD process. The additional control samples were also fab-
ricated without the addition of CNCs. Under this condition,
the samples are designated as GA—M,~Y. For example, the
sample GCA-M, ,—10 indicates the content of M-NPs in
aerogel was 0.2 mmol, while the reaction time of the subse-
quent CVD process was 10 min. The details of each synthe-
sis procedure were as follows.

2.1 Materials

Graphene oxide powder was purchased from Nanjing
XFNANO Materials. Besides, the CVD technology was used
to synthesize high-purity CNCs by using porous Fe,05/SnO,
nanoparticles as the catalyst. Specifically, the growth process
was carried out at 710 °C for 180 min with the introduction
of 350 and 30 sccm Ar and C,H, gases simultaneously [46,
47]. After reaction, the CNCs were dispersed and washed
by 68 wt% nitric acid and deionized (DI) water successively.
The Fe,0; and NiO nanoparticles were synthesized by using
one-step hydrothermal method with the same reducing agent
and reaction condition. Typically, 0.2 mmol soluble Fe** or
Ni?* salts were dissolved in 35 mL DI water, then 1.0 g urea
was added into the mixture solution. After stirring vigor-
ously for 30 min, the mixture was transferred into a 50 mL
Teflon-lined autoclave and maintained at 160 °C for 6 h. The
resulting precipitates were washed with DI water three times
and then dried at 60 °C for 24 h. Figure S1 shows the SEM
images of all as-obtained precursors.

2.2 Preparation of RGO/CNC/M-NPs Aerogels

For the synthesis of RGO/CNC/M-NPs aerogels with differ-
ent properties, A total of X (X=0.2, 0.3) mmol of Fe,O; and
NiO mixed powders were added in 15 mL DI water, and the
molar mass ratio of Fe,O; and NiO was kept as 1:1. Afterward,
40 mg graphene oxide and 10 mg CNC powders were added to

@ Springer
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Fig. 1 Overall synthesis procedure of the RGO/CNC/CNF/M-NPs hierarchical aerogel

the mixture solution. After stirring and ultrasonication for 3 h,
the solution was transferred into a 25 mL Teflon-lined auto-
clave and maintained at 180 °C for 12 h [48]. Subsequently,
the resulting hydrogels were washed with deionized water and
then freeze-dried at — 70 °C for 24 h. When the contents of
added M-NPs were 0.2 and 0.3 mmol, the as-obtained samples
were designated as GCA-M,, ,—0 and GCA-M,, -0, respec-
tively. Meanwhile, additional control samples were also fabri-
cated using 50 mg graphene oxide powder (without CNCs) in
the same preparation condition, and the as-prepared samples
were labeled as GA-M,,,—0 and GA-M,, -0, respectively.
Figure S2 shows the SEM images of all as-obtained aerogels.

2.3 Preparation of RGO/CNC/CNF/M-NPs Aerogels

The RGO/CNC/CNF/M-NPs aerogels were synthesized by
the CVD methods as follows. Prior to the process, 30 mg
RGO/CNC/M-NPs aerogel was uniformly supported by
the quartz boat. To prepare aerogels with different electro-
magnetic properties, the reaction time was controlled pre-
cisely. Specifically, the process was carried out at 450 °C
with the introduction of 350 and 10 sccm Ar and C,H,
gases simultaneously. When the reaction time was 5, 10,

© The authors

and 20 min, the as-obtained samples were designated as
GCA-M, -5, GCA-M,, ,~10, GCA-M,, ,—20, GCA-M,, 55,
GCA-M, ;—10, and GCA-M,, 520, respectively.

2.4 Characterization

The morphologies of samples were investigated by field-
emission scanning electron microscope (FE-SEM, NOVA
NanoSEM 450) operating at 3 kV, and transmission electron
microscope (TEM) on a FEI Tecnai F30 operating at 300 kV.
Meanwhile, the elemental mappings of the samples were also
measured by energy dispersive X-ray spectrometers (EDX),
which are equipped with the FE-SEM and TEM. The chemi-
cal composition of sample was identified by X-ray diffraction
(XRD, PANalytical B.V diffractometer), X-ray photoelec-
tron spectroscopy (XPS, VG ESCALAB 250Xi), and Raman
spectroscopy (Renishaw in Via plus). The magnetic properties
and surface areas of the samples were carried out by using
a vibrating sample magnetometer (VSM, LakeShore-7300S)
and a specific surface analyzer (QUADRASORB SI-KR/MP,
Quantachrome, USA), respectively. The electrical conductivi-
ties of samples were measured using a classical 4-probe in-
line contact method with a Keithley 2450 source/meter.

https://doi.org/10.1007/s40820-021-00667-7
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2.5 Electromagnetic Measurements

To measure the complex electromagnetic parameters, as-
obtained aerogels were crushed and mixed homogeneously
with wax under the weight ratio of 15:85. Afterward, the
mixture was pressed into a standard toroidal-shaped sample,
with an inner diameter of 3.04 mm, outer diameter of 7 mm,
and the thickness of 2 mm. Afterward, the network analyzer
(Agilent 8720B) was used to measure the electromagnetic
parameters in the range of 1-18 GHz at 293 K.

To evaluate the performance of the as-obtained EMAMs,
the RL values in the frequency of 1-18 GHz were calculated
on the basis of transmission line theory, which was depicted
by Egs. (1) and (2) [49-62]:

RL =20 lOg |(Zin - ZO)/(Zin + ZO)| (])

_ ., [E | iCxfd)
Z, =2, c. tanh L Erﬂr] 2)

where Z, and Z; are the impedance of free space and the
normalized input impedance of absorber, respectively.
Besides, the f and c represent the frequency of the micro-
wave and the speed of light, respectively. Finally, d is the
thickness of the absorber.

3 Result and Discussion
3.1 Morphology and Composition

The morphologies and typical properties of as-obtained
aerogel were investigated. Figure 2a shows an optical image
of a GCA-M,, ,—10 aerogel supporting by a dandelion with-
out any deformation of the stem, exhibiting the lightweight
nature of the aerogel. Figures S3a and 2b show the optical
image of a GCA-M,, ,—0 aerogel before and after the CVD
reaction, respectively. These results indicate that the mag-
netic aerogel was prepared after the CVD process. Further-
more, Fig. 2c, d display the morphologies of GCA-M,, ,—0
and GCA-M,) ;-0 aerogels, respectively. It is observed
that the CNCs insert into the graphene layers, which boost
the porosity of the samples. As a comparison, the RGO
nanosheets in GA series samples (without CNCs) seriously
stacked, and there are few porous structures in the sam-
ples (as indicated in Figs. S2a, b, e, and f). Meanwhile, by

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

increasing the added content of M-NPs in the precursor, the
nanoparticle density of GCA-M, ;-0 is obviously larger than
that of GCA-M,, ,—0. Figure 2e, f shows the SEM images of
GCA-M,,—10, it is found that abundant short 1D CNFs and
0D carbon particles emerge from the RGO/CNC skeleton.
Figure 2f suggests the hierarchical aerogel comprising of 0-,
1-, 2-, and 3-D nano carbon cells maintains its porous struc-
ture well. With increasing the content of M-NPs and CVD
reaction time, the aerogels with different morphologies were
synthesized, as shown in Fig. 2g, h. It is observed that dense
and long CNFs appear and almost fully cover the RGO/CNC
skeleton. From the insert of Fig. 2h, it is seen that the typical
1D CNF with a fiber diameter of about 45 nm. A series of
SEM analyses of the materials prepared under different con-
ditions were conducted and given by Fig. S4. These results
suggest that the growth density and length of CNFs increase
with the increasing of the M-NPs content and CVD reac-
tion time, respectively. The morphologies of the GA series
aerogels after CVD reaction are observed by Fig. S5a, b. It is
concluded that GCA series samples exhibit obvious porous
structure than GA series samples. This result further proves
that the introduction of CNC into the aerogel can increase
porosity and give the necessary space for CNF growth. To
explore the distributions of elements in GCA-M,, 520, ele-
mental distributions of carbon (C), iron (Fe), Nickel (Ni),
and oxygen (O) were further investigated using EDX map-
ping. As shown in Fig. 2i, the Fe and Ni elements are well
distributed throughout the carbon network. The nitrogen
adsorption/desorption measurements were utilized to ana-
lyze the specific surface areas and pore structure of typical
samples. As shown in Fig. 2j, the curves of GCA-M,, ,—10
and GCA-M,, ;20 show an I'V-type isotherm [63], and the
long and narrow hysteresis loops at relative pressure from
0.45 to 1.0 are observed simultaneously. The calculated spe-
cific surface areas of GCA-M,),—10 and GCA-M,, ;-20 are
369.5 and 372.4 cm? g™, respectively. Besides, the pore
distribution properties of the as-mentioned samples are
given by Fig. 2k. It is confirmed that a nano- and meso-
porous hybrid matrix exists in the samples [64]. Further-
more, as shown in Fig. S5e, the calculated specific surface
areas of GA-M,,,—10 and GA-M,, ;—20 are only 245.4 and
257.1 cm? g~!, respectively. The above results well prove
that the introduction of CNC would increase the porosity
of aerogel. Meanwhile, a comparison table of specific sur-
face area for RGO-based hierarchical materials is given in

@ Springer
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Fig. 2 As-obtained aerogel (a) standing on a dandelion, and (b) attracting by a magnet; The SEM images of (¢) GCA-M,,—0, (d) GCA-M,, -0,
(e, f) GCA-M,),—10, and (g, h) GCA-M,, 520, (i) elemental mappings of C, Fe, Ni, and O in GCA-M,, ;—20. (j) N, adsorption/desorption iso-
therms and (k) corresponding pore size distributions for the GCA-M,),—10 and GCA-M,, 5-20. (I) Magnetic hysteresis loops of GCA-M,, ,—0,

GCA-M, 5-0, GCA-M, ,-10, and GCA-M, ;—20

Table S1. According to the comparison table, it is concluded
that the use of CNC to decrease graphene stacking and
agglomeration is an effective strategy. Furthermore, mag-
netic hysteresis loops of typical samples are given by Fig. 21,
and the saturation magnetization values for GCA-M,, ,—0,
GCA-M, ;-0, GCA-M,,-10, and GCA-M,, ;—20 are 0.98,
1.21, 10.91, and 12.13 emu g™, respectively. These results
further certify that the non-magnetic sample is converted to
a magnetic one after the CVD process, which endows as-
obtained aerogel with the magnetic loss.

The morphologies and internal structures of typical sam-
ples were systematically observed by TEM and HRTEM
images. It is clearly seen that the GCA-M,, ,—0 aerogel con-
sists of graphene nanosheets, helical CNCs, and M-NPs (as

© The authors

shown in Fig. S6a). Meanwhile, it is certified that no CNFs
or carbon shell (Fig. S6b) are synthesized before the CVD
process. As displayed in Fig. 3a, the GCA-M,, ,—10 aerogel
with hierarchical and porous structure appeared, and some
CNFs and nanoparticles are synthesized and deposited on
the skeleton of RGO/CNC. The HRTEM images further con-
firm the internal structures of OD core-shell nanoparticles
and 1D CNFs. In Fig. 3b, the HRTEM and its corresponding
FFT images confirm that the interplanar spacing of 0.29 nm
can correspond to the (220) plane of Fe;O, [65]. Meanwhile,
the thin layer of amorphous carbon covers the Fe;O, core,
which convincingly confirms the formation of core-shell
structured Fe;O,@C. Furthermore, as shown in Fig. 3c, the
catalyst Ni particles are encapsulated on the top of short and

https://doi.org/10.1007/s40820-021-00667-7
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Fig. 3 (a) TEM image of GCA-M,,—10. Corresponding HRTEM images of (b) Fe;O,@C (insert of b FFT image), (¢, d) carbon nanofiber, and
(e) CNC. (f) TEM image of GCA-M, ;—20. Corresponding HRTEM images of (g, h) Fe;0,@C and (i, j) carbon nanofiber. (k) Elemental maps

of C, Fe, and Ni in the GCA-M, ;-20 sample

irregular CNFs. Besides, three crystal interplanar spacings
(Fig. 3d), 0.18, 0.20, and 0.34 nm, could be well fitted with
the (200), (111) of Ni, and (002) of graphitic carbon, respec-
tively [66].These results suggest that the Fe,05 and NiO are
partially reduced to Fe;0, and Ni during the CVD process,

SHANGHAI JIAO TONG UNIVERSITY PRESS

which play the role in catalytically synthesizing the carbon
shell and CNFs, respectively. Furthermore, the HRTEM
image of CNC was given by Fig. 3e, it is observed that the
crystallinity of the CNC is poor because the orientation of
crystallites is disordered. For comparison, the TEM and
HRTEM images of GCA-M,, ;—20 were given by Fig. 3f—j.
As shown in Fig. 3f, the 3D CNC, 2D RGO, 1D CNFs, and

@ Springer
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0D M-NPs are obviously observed. With the increase in the
reaction time, the Fe;0,@C nanoparticle with a thicker car-
bon shell is seen in Fig. 3g, h. The area marked A in Fig. 3f
is carefully observed. A large number of particles with a
core-shell structure were confirmed in Fig. S7. Besides, the
internal particle with a lattice spacing of 0.297 nm is well
in line with the (220) plane of Fe;0, (Fig. 3h). The HRTEM
image of the catalyst particle is given by Fig. 3j, the typical
lattice interlayer with the distance of 0.20 nm correspond to
the (111) crystal plane of Ni [67]. Besides, to further eluci-
date the effects of Fe,05 and NiO in the precursor, the EDX
mapping images are used to investigate the element distribu-
tions of GCA-M, ;—20. As shown in Fig. 3k, the distribu-
tions of Ni and Fe are obviously different. More importantly,
when we check the tip area of the CNFs, only the signal of
Ni appears, which strongly suggests that the NiO particles
play the role of the catalysts for CNF growth (as indicated
in Fig. S8). Clearly, based on the above results of morphol-
ogy and composition, hierarchical architecture with “helix-
sheet—fiber—dot” structure is successfully synthesized.

The crystal and phase structure of the GCA-M, ,—Y
and GCA-M,,-Y (Y=0, 5, 10, and 20) aerogels were
characterized by XRD patterns and Raman spectra. Fig-
ure 4a, b shows the XRD patterns of the samples. It is
observed that the diffraction peaks of GCA-M,,—0 and
GCA-M, ;-0 are in accordance with standard records of
a-Fe,0; and NiO (JCPDF No. 33-0664 and 89-7130) [68,
69]. After the CVD process, the XRD diffraction peaks of
GCA-M, ,—Y and GCA-M,, ;Y shift obviously. The typi-
cal diffraction peaks at 18.3°, 30.6°, 35.5°, 43.0°, 57.2°,
and 62.7° correspond well to the (220), (311), (400),
(511), and (440) planes of Fe;O0, (JCPDF No. 19-0629).
Meanwhile, the typical peak at 44.8° corresponding to
the (111) plane would be assigned to face-centered cubic
Ni (JCPDF No. 04-0850 [7, 65]. Meanwhile, the wide
peaks at about 25° in the XRD patterns are ascribed to the
existence of the carbon materials (JCPDF No. 50-0926).
On the other hand, The Raman spectrometer was further
employed to evaluate the carbon qualities. Figure 4c, d
exhibits the Raman spectrums of the GCA-M,,-Y and
GCA-M,) ;—Y aerogels, respectively. The comprehensive
information is investigated by the intensity ratio of the
D and G peaks of the carbon (Ip/Ij). It is concluded that
with the continuous increase in CVD reaction time, the

© The authors

values of I/l decrease, which may be due to the density
and length of graphited CNFs increases. This result indi-
cates that the conductivity and conductive loss of sam-
ples could be orderly tailored by introducing 1D CNFs.
Meanwhile, carbon content changes of GCA-M,, ;—10 and
GCA-M,, ,—10 were investigated using thermogravimetric
analysis (TGA). As shown in Fig. 4e, the residual contents
of GCA-M, ;—10 and GCA-M,, ,—10 reach to 45.1 and
32.4 wt%, respectively. This result proves that the content
of carbon decreases by increasing the content of metal
oxide particles. On the other hand, to clarify the changes
of chemical valence states before and after the CVD pro-
cess, the samples were examined by the XPS technique. As
shown in Fig. 4f, the XPS full-survey-scan spectrums of
GCA-M, ;-0 and GCA-M,, ;20 confirm the presence of
C, O, Fe, and Ni elements. Furthermore, for GCA-M,) ;—0,
the high-resolution XPS spectrum of the Ni displays two
characteristic peaks at 856.2 and 873.7 eV, which are
assigned to Ni 2p,,, and 2p5,, peaks of Ni2*, respectively
(Fig. 4g). However, for GCA-M 520, the characteristic
peaks centering at 853.0 and 870.2 eV are assigned to the
form of Ni’, and the rest of the peaks corresponded to the
position of Ni** [70]. Besides, as shown in Fig. 4h, the Fe
2p spectrum for GCA-M,, ;—0 mainly consists of a series
of characteristic peaks of Fe’*, and the corresponding Fe
2ps, peak at 711.2 eV and the Fe 2p,,, peak at 725.1 eV
are in agreement with previously reported data [65]. For
GCA-M, ;-20, the intensity of characteristic peak for Fe**
at 710.1 eV is significantly enhanced, which is ascribed
to the formation of Fe;O, [71]. The XPS results further
confirm that the Fe,0; and NiO in precursor are reduced
to Fe;O, and Ni, respectively.

3.2 Microwave Absorption Performance of As-obtained
Aerogels

Figure Sa—f gives the 3D RL curves of the as-obtained com-
posites at different thicknesses with only 15% filling ratio. In
general, the performances of EMAMs are evaluated using
the optimal value of RL ; and EAB. As shown in Fig. 5a
and S9a, the RL;, value of GCA-M,,—5 is—22.7 dB at the
thickness of 5.5 mm. However, the smaller part of the EAB

‘min

region suggests poor performance. Furthermore, the RL,;,

https://doi.org/10.1007/s40820-021-00667-7
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Fig. 4 (a, b) XRD patterns of GCA-M,,,—Y and GCA-M, ;—Y, respectively. (¢, d) Raman spectra of GCA-M,, ,—Y and GCA-M,, 5-Y, respec-
tively. (e) Thermogravimetric curves of GCA-M, ;—-10 and GCA-M,,,—10. (f) XPS survey spectra of GCA-M, ;-0 and GCA-M,, 5;-20. (g, h)
High resolution XPS spectra of Ni 2p and Fe 2p for GCA-M,),—Y and GCA-M,;-Y

value of GCA-M,,,—10 arrives—55.1 dB at 13.8 GHz, and
the corresponding EAB is 5 GHz with a thickness of only
1.9 mm. Moreover, when the thickness of absorber reduces
to 1.8 mm, the value of EAB is up to 5.6 GHz from 12.4
to 18 GHz, almost covering the 93% of Ku band (Fig. 5b,
g and S9b). Besides, as displayed by Fig. 5c and S9c, the
GCA-M,,—20 exhibits a degraded RL ;, value of only
— 19.2 dB, and the corresponding EAB exceeding — 10 dB
is 4.8 GHz. Moreover, the microwave attenuation capacity
of samples would also be adjusted by tailoring the content
of M-NPs. Unfortunately, with the increase in M-NPs con-
tent, the GCA-M,, ;-5 and GCA-M,, ;-10 exhibit the neg-
ligible values of RL;, and EAB (Fig. 5d, e and S9d, e).
Surprisingly, for sample GCA-M, ;—20 (Fig. 5f and S9f), it

| SHANGHAI JIAO TONG UNIVERSITY PRESS

exhibits the outstanding RL,;, value of — 71.5 dB at 9.5 GHz
with a thickness of 2.95 mm. Moreover, the broaden EAB
of 4.5 GHz (8.2-12.7 GHz) is obtained, which covers the
whole X band (Fig. 5g). In addition, the microwave absorb-
ing performance of the samples before the CVD reaction
(GCA-M,),—0 and GCA-M,, 5-0) has also been tested. Due
to the weak dielectric loss and magnetic loss, their exhibit
almost negligible performance (as indicated in Fig. S10).
Figure 5h, i compares, in detail, the microwave absorption
performances of as-obtained GCA-M,~Y (X=0.2, 0.3, and
Y=35, 10, 20, respectively) with thicknesses of 1.5-5.0 mm.
Clearly, it is observed that GCA-M,, ,—10 and GCA-M, ;20
exhibit outstanding performance at the relatively thin thick-
ness. Furthermore, we compared the microwave absorption
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min and EAB values of as-obtained samples with

different thicknesses, respectively. (j, k) Comparison of specific RL and specific EAB values of recently reported carbon-based aerogels in X-

and Ku-band

performances of GCA-M,,,—10 and GCA-M,, ;—20 with the
state-of-the-art carbon-based absorbers (published during the
last 3 years). For the comprehensive comparison regarding
performances of the as-mentioned EMAMs, the specific RL
(SRL, RL,; /(thickness X filler loading)) and specific EAB

© The authors

(SEAB, EAB/(thickness X filler loading)) values are calcu-
lated and given by Fig. 5j and k, respectively. Among all,
The GCA-M,;-20 fabricated in this work exhibits a superior
SRL value (161.5 dB mm~! g7!) in X-band, and the SEAB
value of GCA-M, —20 (10.16 GHz mm™~! g~!) is also relative

https://doi.org/10.1007/s40820-021-00667-7
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superior to other listed EMAMs (Fig. 5j). Besides, it is clear
from Fig. 5k that the SRL and SEAB values of GCA-M,, ,—10
exhibit advantages by overall consideration of absorber loading
(<20 wt%) and thickness (<2 mm) in Ku-band. On the other
hand, the corresponding tables (Tables S2 and S3) including
each works from the literatures, not only the RL value, but also
the frequency range, the typical thickness, and the filling ratio
of the samples are summarized in supplementary materials.
According to the above comparison, it is concluded that the
as-obtained hierarchical aerogels in this paper would act as
an extremely promising candidate for a lightweight, thin, and
highly efficient MWAMs.

3.3 Electromagnetic Parameters of As-obtained
Aerogels

The dependence of the complex permittivity (e, = €/ — €!’)
and complex permeability (u, = u/ — ") on frequency
from 1 to 18 GHz was further discussed for understand-
ing the microwave absorbing mechanism of as-obtained
aerogels, and the results were given by Fig. 6. All in all,
the real parts (¢/ and p/) of the electromagnetic parameters
represent the storage capability of electromagnetic wave
energy, and the imaginary parts (¢! and y’) stand for the

ability of energy dissipation [9]. It is observed that all the
¢! values exhibit a decreasing tendency in the frequency
range of 1 tol2 GHz, then display the relative constant
values in 12-18 GHz (Fig. 6a). Meanwhile, as shown in
Fig. 6b, three remarkable vibration peaks are observed
at~ 8.8 GHz (labeled as A),~10.5 GHz (labeled as B),
and ~ 13.2 GHz (labeled as C), which suggest relaxation
behavior exist in /. Considering the dimensional gradient
of as-prepared samples, it is reasonable that the local space
charge accumulation of heterojunction interface and the
surface geometry induce enhancement effect for dielectric
loss [16]. Besides, the dielectric loss tangent tand, values
were computed to evaluate dielectric dissipation capabil-
ity. The order of tand, values for GCA-M~Y samples is
GCA-M;—20> GCA-M,—-10>GCA-My-5 (X=0.2, 0.3),
which gives the evidence that the introduction of 1D CNFs
is an effective strategy to boost the dielectric attenuation
capacity. Meanwhile, it should be noted that the conductive
paths composed of the 1D structures are the key to improv-
ing the dielectric loss. To solidate this viewpoint, the elec-
tromagnetic parameters of GCA-M,,,—0 and GCA-M, ,—0
were tested and compared with those of GCA-M;,,—10 and
GCA-M,) ;—20, respectively. After the introduction of CNFs
(as shown in Fig. S11a, b), the imaginary part of complex
permittivity is significantly increased, which suggests the
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improvement of dielectric loss (as indicated by Fig. S11c, d).
Moreover, the dielectric loss mechanism is analyzed by the
relationship between &’ and /’. Based on the Debye relaxa-
tion theory, if the curve of €/ versus €/’ exhibits semicircle
morphology, these MWAMSs would possess strong polariza-
tion behavior, and each semicircle is denoted as Cole—Cole
semicircle [29]. For GCA-M,, ,—Y samples, except for the
two semicircles, the corresponding curves also possess a
distinguishable straight line in the tail, suggesting that
the high conductive loss originating from the conductive
3D carbon network in the MWAMSs/wax composites (Fig.
S12a—c). Meanwhile, GCA-M,, ;—Y samples exhibit three
Cole—Cole semicircles and shortened “line tail”, indicating
the enhanced polarization relaxation and relatively low con-
ductive loss [2]. These results mentioned above reveal that
the dielectric loss of GCA-My-Y originates approximatively
from relaxation loss and conductive loss. Besides, Fig. 6d—f
reveal the complex permeability of the as-prepared aero-
gels. Briefly, the real (4/) and imaginary (4') parts of all
the samples are almost near 1 and 0, respectively, suggesting
the magnetic loss is relatively weak due to the inconspicu-
ous natural magnetic resonance (Fig. 6e) and eddy current
loss (Fig. S13a). Meanwhile, the negligible tand values of
as-obtained aerogels also prove this viewpoint (Fig. 6f).
Even so, the presence of magnetic loss would ameliorate
the impedance match and boost the dissipation of electro-
magnetic energy. Moreover, the manipulated y and g’ val-
ues could induce the absorption peaks to transfer to a lower
frequency.

In general, the ideal MWAMSs should possess power-
ful electromagnetic wave dissipation ability and excellent
impedance matching synchronously. Normally the attenu-
ation constant (@) is used for the analysis of the inherent
attenuation ability and calculated by Eq. (3) [44]:

performance must be taken into account of microwave
absorption process [72-77]. Based on previous research,
when the Z value is equal or close to 1, the incident elec-
tromagnetic wave would easily enter the MWAM and then
be converted to other forms of energy. The Z values of
GCA-M,y~Y aerogels at different thicknesses are computed
and displayed in Fig. 7a—f. It can be seen that GCA-M,, ,—10
has good impedance matching performance in almost the
entire frequency range, which is derived from appropriate
conductive loss and corresponding magnetic loss [78-81].
As a comparison, the Z value of the GCA-M,, ;-5 is far from
1, and most of them are over 1.6 in the whole frequency
range, suggesting the poorest impedance matching perfor-
mance among all the samples. Linking back to the poor
tand, and non-negligible tand, values for GCA-M, 5-5, it
is reasonable that the matched dielectric and magnetic loss
are two prerequisites for as-prepared aerogels to achieve the
outstanding impedance matching performance. Furthermore,
take GCA-M,, ,—10 and GCA-M 5;—20 as the examples, the
relationship between the RL_;,, a, and Z values is analyzed
and given by Fig. 7g, f, respectively. It is clearly seen that as
Z value is equal to 1, the RL values arrived at the minimum
at 13.8 and 9.5 GHz for GCA-M,) ,—10 and GCA-M,, ;—20,
respectively. Furthermore, we select GCA-M,,,—10 as an
illustration to analyze the effort of a and Z on RL value. As
shown in Fig. 7g, two points reach 1 in the Z curve, which
are noted as 7 and ii. It is seen that point ii exhibits better
microwave absorption performance than that of point 7, sug-
gesting larger @ would boost RL, ;. value under the same
Z value. All these results discussed above certify that the
stronger attenuation ability with excellent impedance match-
ing is a key point for our aerogel as an ideal MWAM.

3.4 Roles of CNC

In order to clarify the key functions of the CNC in the sys-
tem, we prepared two control aerogels without CNC, and

= @\/ (e = wret) + ) (el = wret) + (el + el &

It is observed that all the a values increase with elevating
the frequency and approximatively decrease with increas-
ing M-NPs content (Fig. S13b). Furthermore, GCA-M,; ,—20
shows the largest a value in the whole test frequency
range. However, owing to the superfluous dielectric loss
of GCA-M,,-20, seriously impedance mismatching
occurs and results in a poor microwave absorption perfor-
mance. Therefore, the impedance matching (Z = |Z;,/Z,|)

© The authors

the corresponding samples were labeled as GA-M,, ,—10
(Fig. S5a) and GA-M,, ;—20 (Fig. S5b), respectively. Typi-
cally, the dielectric performance of MWAMSs is highly
related to their electrical conductivity, and Fig. 8a gives the
measured conductivities of as-prepared aerogel/wax com-
posites. The electrical conductivities of GCA-M,, ,—10-,
GCA-M, ;—20-, GA-M,) ,—10-, and GCA-M,, ;—20-wax are

https://doi.org/10.1007/s40820-021-00667-7



Nano-Micro Lett. (2021) 13:144

Page 13 0f20 144

(a) (b)
5 5
€ e
E Eq
[} [2]
%] %]
(O] (0]
C C
3 53
= =
= =

GCA-M, ,-10 GCA-M, ,-20

—
a2

Thickness (mm)

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz) Frequency (GHz)
(d; * (e)5 GCA-M, ,-10 U]
£ = £
Ea4 E4 E
c 8 g
53 %3 5
£ = =
|_

2 2
2 4 6 8 10 12 14 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz) Frequency (GHz)
250
@ of ST I} GCAM,20]
< -10p " RL 1.04 200 |——RL 1150
a ——2Z k o |——Z
Z 5 o 20}
& —20t——a 0.8 150 e ——a 41120
3 L ° 8 o]
5 -30 . 100 5 -4o} 1%
2 - 9]
@ 40 o 50 @ 1%
0.2 & -60f ]
-50 30
Thickness=1.9 mm 0.0 A 0 1 nnThickness=2.95 mm o
_600 2 4 6 8 10 12 14 16 18 20 _800 2 4 6 8 10 12 14 16 18 20
Frequency (GHz) Frequency (GHz)

Fig. 7 Calculated Z values at different thicknesses from 1 to 18 GHz for (a) GCA-M,,—5, (b) GCA-M,,—10, (¢) GCA-M,,,—20, (d) GCA-
M, 5-5, (€) GCA-M, ;-10, and (f) GCA-M, ;—20. Frequency-dependent RL, a, and Z values for (g) GCA-M,,,—10 and (h) GCA-M,, ;20

1.58%107,0.89x 1072, 1.65x 1072, and 1.17x 102 S m™",
respectively. It is concluded that the electrical conductivity
obviously degrades with adding the CNCs in aerogel, and
the measured /-V curves (Fig. 8b, c) are also consistent with
this viewpoint. At present, most researchists have agreed
that the conductivity of the sample is closely related to the
crystal structure and morphology of materials [82-86]. In
this case, the crystal structure of CNC is almost amorphous
(Fig. 3e), which indicates the conductivity of the CNC lower
than that of graphene and CNF. More importantly, as shown

SHANGHAI JIAO TONG UNIVERSITY PRESS

in Figs. 8d, e, and S14, the helical CNC are inserted graphene
layers, resulting in the formation of point-to-surface contact
(CNC-graphene) instead of surface-to-surface contact (gra-
phene—graphene). Therefore, the evolution from surface-to-
surface contact to point-to-surface contact leads to a decrease
in electrical conductivity. Besides, the existence of helical
CNCs would create the gaps and pores between the graphene
layers, which lengthen the transmission distances of micro-
wave owing to the multiple reflect and scatter effects. Moreo-
ver, based on the Maxwell-Garnett theory, the abundant void
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spaces of as-obtained hierarchical aerogels would effectively
reduce the complex permittivity, thus improving impedance
matching [52]. As a result, the dielectric property would
change dramatically. To further shed light on the effect of
the CNC skeleton in an aerogel, electromagnetic parameters
of the GA-M,,,—10 and GA-M,, ;—20 were measured and
compared, as shown in Fig. 8f, g, and S10. For a comparison
purpose, we also give the electromagnetic parameters of the
GCA-M,,,—10 and GCA-M,, ;-20. As shown in Fig. S15, the
complex permeability of the GCA-M,~Y aerogels is similar
to that of GA—M,~Y aerogels. This result suggests that the
effect of CNCs on permeability is negligible. Besides, the
€/ and €!” values of GA-M~Y samples are obviously higher
than those of GCA-M,~Y samples, suggesting the aerogels
without CNCs possess better dielectric dissipation capabil-
ity in the test frequency range. Furthermore, the attenuation

© The authors

constants of typical GA-My~Y and GCA-M,~Y samples are
shown in Fig. S16. It is noted that the a of GA-My-Y is
higher than those of other GCA-M,~Y samples in the almost
whole frequency range, which could be owed to the signifi-
cantly enhanced conductive loss. However, the impedance
matching of GCA-My~Y aerogel seems to be much better
than that of GA-M,~Y sample, which further proves the cru-
cial role of CNC. As a result, the GA-M,~Y samples exhibit
the poor performances of RL_;, and EAB (Fig. 8i, j). Based
on the above results, accounting for the effects arising from

min

the amorphous structure of CNC, point-to-surface contact
between CNC and graphene, and the concomitant porosity,
the CNC-contained aerogels eventually exhibited a signifi-
cantly improved impedance matching and microwave absorp-
tion performance.
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3.5 Microwave Absorption Mechanism

The superior microwave absorption performance of the
as-prepared aerogel is closely related to the multiple loss
mechanisms of multi-dimensional gradient structures and
the synergistic effects of these components. In view of these
facts, the microwave absorption mechanism is graphically
summarized in Fig. 9. Firstly, the detailed loss mechanisms
of these components in aerogels are analyzed as following.
In general, there are six factors that dominate the microwave
attenuation, including conductive loss, cross-polarization,
dipole polarization, multiple scattering and reflection, inter-
facial polarization, and magnetic loss.

For 3D structured CNC: On the one hand, CNCs would
induce cross-polarization loss due to their chiral structures
during the interaction with electromagnetic wave. Besides,
as one of the framework materials, conductive CNCs play

Aerogel

an important role in the formation of the conductive network
in the aerogel.

For 2D structured RGO: When the electromagnetic
wave transmits into the absorber, it would be repeatedly scat-
tered by the RGO nanosheets and thus boosts the multiple
scattering loss. On the other hand, the RGO nanosheets have
a large number of defects, oxygen-containing functional
groups, and dangling bonds, which provide active sites for
dipole polarization loss.

For 1D structured CNF: In our case, CNFs with con-
trollable length and density would construct the tailorable
conductive networks. As a result, the increasing conductive
networks would effectively improve the conductive loss of
the material.

For 0D structured particle: The heterogeneous interface
between Fe;0, nanoparticle and carbon shell are benefit to
the interfacial polarization, resulting in the improvement
of the dielectric loss. In addition, it should be noted that
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the introduction of Ni@CNF and Fe;0,@C would not only
regulate the dielectric loss, but also offer a certain magnetic
loss, leading to the improvement of the impedance matching.

Furthermore, the synergistic effects of these compo-
nents are not only conducive to improving the microwave
attenuation of the material, but also significantly adjust the
impedance matching. Frist, the existence of helical CNCs
would create the gaps and pores between the graphene lay-
ers, which lengthen the transmission distances of electro-
magnetic wave owing to the multiple reflect and scatter
effects. Meanwhile, porous structure of aerogel ensures the
growth space for CNFs, and facilitates the storage of air
which would improve the impedance matching. Second,
the absorbers with higher conductivity would lead to poor
microwave absorption performance due to the skin effect.
In this paper, the CNCs and CNFs are used to tailor the
conductivity of the material. On the one hand, the helical
CNCs with amorphous structures insert into graphene layers,
resulting in the formation of point-to-surface contacts (CNC-
graphene) instead of surface-to-surface contacts (graphene
-graphene). Therefore, the evolution of contact form leads to
the conductivity decrease. On the other hand, the conductiv-
ity of hierarchical aerogels is effectively controlled by tailor-
ing the growth density and length of CNFs. As a result, the
optimized aerogel has tailoring microwave absorption capac-
ity and good impedance matching performance in almost the
entire frequency range.

4 Conclusion

In summary, the “3D helix-2D sheet-1D fiber—-0D dot”
hierarchical aerogels have been successfully synthesized by
sequential processes of hydrothermal self-assembly and in-
situ CVD growth method. In particular, the 2D graphene
layers are uniformly intercalated by 3D helical CNCs,
which endow the aerogel with abundant porous structure
and better dielectric properties. Meanwhile, the CNCs and
CNFs are successfully used to tailor the conductivity of the
material. Besides, by adjusting the content of the magnetic
particle and CVD reaction time, tunable electromagnetic
parameters and excellent impedance matching, which play
a crucial effect in the microwave absorption performance.
The hierarchical GCA-M,, ,—10 aerogel shows outstand-
ing RL .. (— 55.1 dB) and width expansion EAB values
(5.6 GHz) when the mass load in the wax matrix is only

min

© The authors

15 wt%. Moreover, the RL ;, value of GCA-M,, ;—20 aero-
gel reaches —71.5 dB at 9.5 GHz, and the corresponding
EAB covers the whole X-band. The remarkable microwave
absorption performance of the as-prepared aerogel is closely
related to the multiple loss mechanisms of multi-dimensional
gradient structures and the synergistic effect of each compo-
nent. Our findings provide valuable guidance and inspiration
for the design of multilevel hierarchical structure materials
for microwave absorbing application and other related fields.
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