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ABSTRACT

Electromagnetic (EM) absorption is paving the way to overcome the challenges related to conventional shielding strategy against
EM pollution through sustainable energy dissipation. As characteristic functional media that can interact with electric or magnetic
field branch, EM wave absorption materials (EWAMs) have received extensive attention and realized considerable development
in the past two decades, where carbon-based composites are always considered as promising candidates for high-performance
EMAWSs due to their synergetic loss mechanism as well as diversified composition and microstructure design. Recent progress
indicates that there is more and more interest in the fabrication of carbon-based composites with unique core—shell configuration.
On one hand, core—shell configuration usually ensures good chemical homogeneity of final products and provides some positive
protections for the components with susceptibility to corrosion, on the other hand, it creates enough heterogeneous interfaces
between different EM components, which may bring enhanced polarization effect and intensify the consumption of EM energy. In
this review, we firstly introduce EM wave absorption theory, and then highlight the advances of core—shell engineering in carbon-
based composites in terms of built-in carbon cores and built-out carbon shells. Moreover, we also show some special core—shell
carbon-based composites, including carbon/carbon composites, assembled composites, and decorated composites. After
analyzing EM absorption performance of some representative composites, we further propose some challenges and
perspectives on the development of core—shell carbon-based composites.

KEYWORDS

carbon-based composites, core—shell configuration, synergetic effect, interfacial polarization, electromagnetic (EM)
absorption performance

accomplish EM absorption finally by interacting with either
electric or magnetic field branch. Therefore, EM functional media
with absorption characteristics, usually defined as EM wave
absorption materials (EWAMs), can be divided into two
categories, magnetic loss and dielectric loss types [13,18].
Magnetic EWAMs dominate the early research of EM absorption
due to their good performance, and some of them, e.g., ferroferric
oxide and carbonyl iron, have been successfully developed as
commercial EWAMs [19, 20]. However, their high density and
filler loading cannot meet the application requirements of the
oncoming generation of EM absorption technology, and
especially, their intrinsic drawbacks of easy oxidation and
corrosion even greatly restrain the long-term service under some
harsh outdoor conditions, such as high-temperature exposure
(dozens of degree), moisture, and salt spray [21,22]. Among
various candidates, carbon materials exhibit good chemical
stability, which may protect magnetic materials from easy
oxidation and corrosion to a great extent, and more importantly,
they also show great potential due to their tailorable dielectric

1 Introduction

After more than 150 years of gestation and development,
electromagnetic (EM) technology has become one of the most
important scientific and technological sources in current society,
which helps us realize the dream of intelligent information and
communication, and has been deeply penetrated into all aspects of
our lives [1-5]. However, all kinds of electronic devices with an
order of magnitude growth also breed some adverse side effects,
ie, EM interference and pollution, induced by the excessive
radiation of EM waves [6-8]. The precaution on EM threats is
evolving into a social issue of widespread concern [9-12]. Over
the past few decades, EM absorption gradually receives more
attention than conventional EM shielding, because it achieves the
dissipation of incident EM waves through energy conversion
rather than physical reflection, and thus the risk of secondary EM
pollution can be significantly decreased [13-15]. What is more,
EM absorption, in military field, also offers an effective strategy to
reduce the radar cross section of mobile weapon equipment and
the probability of information disclosure [16, 17].

It is well known that EM waves propagate in space through
electric and magnetic fields with the same direction and
perpendicular to each other, which determines that there will be
two possible pathways to interrupt their propagation and

property, low density, diversified morphology, and abundant
reserves [23,24]. The advent of graphene drives the research of
carbon materials as promising EWAMSs more drastically [25-29].
It is unfortunate that a gap to practical application always exists in
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single-component carbon materials as they easily suffer from
insufficient loss capability and narrow EM response bandwidth,
even seriously mismatched impedance with free space [30, 31].

In an effort to upgrade the performance of carbon materials,
more and more groups have focused their research on the
construction of carbon-based composites. A lot of successful
examples have demonstrated that both magnetic (e.g., Fe, Co, Ni,
and ferrites) and dielectric (e.g, conductive polymers, metal
oxides/sulfides, and carbides) additives could effectively optimize
EM characteristics, improve impedance matching, and enrich loss
mechanisms [32-34]. Although physical mixing is the simplest
method to construct EM functionalized carbon-based composites,
such a composite approach is not conductive to full utilization of
the synergy between different components due to serious
compositional segregation. Recent progress indicates that it is of
great significance to assemble different EM components with
carbon materials into unique core-shell configuration, a
concentric bilayer nanostructure composed of core (inner
component) and continuously uniform shell (outer layer
component) [3,35,36]. Along with the flourishment of
nanotechnology, the morphologies of core-shell carbon-based
composites have also extended from initial spherical particles to
one-dimensional tubes/fibers, even to three-dimensional (3D)
aerogels [37-40]. Apart from the intrinsic loss characteristics of
carbon-based composites, the creation of core-shell configuration
may endow these composites with some additional advantages.
First, core-shell configuration favours the full contact between
carbon materials and additive components, and the sufficient
heterogeneous interfaces therein will significantly contribute to the
energy consumption of incident EM waves through powerful
polarization effect [41, 42]. Second, core-shell configuration may
further stimulate the synergistic effect between core and shell,
which can effectively optimize their impedance characteristics and
broaden EM response bandwidth [3,43]. Third, core-shell
configuration provides us with an opportunity to conduct more
detailed microstructural design in the cores and shells,
respectively. Some  state-of-the-art core-shell carbon-based
composites with hollow cores, porous cores/shells, multiple shells,
and tailorable voids between cores and shells, have been frequently
reported in recent years, and it is widely accepted that the
formation of these hierarchical microstructures could bring
multiple reflections of incident EM waves and thus reinforce
absorption performance [44-47]. Fourth, core-shell composites
have good chemical homogeneity, and thus the compositional
segregation in conventional composites can be eliminated
effectively, which results in their stable EM functions rather than
random performance highly dependent on some non-scientific
parameters (e.g., mixing time, stirring rate, and separation
method) [48]. Fifth, the core-shell composites usually have good
dispersion, which facilitates their further processing in practical
applications.

In the field of EM absorption, core-shell carbon-based
composites are becoming a kind of very attractive EWAMs and
show bright prospect in EM pollution precaution, as indicated by
the publications with an order of magnitude growth worldwide.
Therefore, it is very necessary to sort out the status in this research
branch, summarize common findings, and explore hidden clues,
which will be helpful for the researchers in the related field to
make more breakthroughs. Herein, we not only summarize the
mechanism of EM wave absorption, but also introduce the
advances of core-shell carbon-based composites as high-
performance EWAMs, which are divided into three categories: i.e.
built-in carbon cores, built-out carbon shells, and special
core-shell composites. Finally, we also discuss in-depth the
challenges and opportunities faced by the current development of
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core-shell carbon-based composites, and further provide some
perspectives in the future research.

2 EM wave absorption theory

2.1 Intrinsic loss mechanisms

2.1.1 Magnetic loss

Magnetic loss usually appears in the process of magnetization and
re-magnetization of magnetic materials, which is caused by a part
of energy irreversibly transformed into thermal energy. Generally,
magnetic materials can consume EM energy through three
pathways: magnetic hysteresis loss, eddy current loss, and residual
loss [49]. Magnetic hysteresis loss is the energy attenuation
induced by irreversible displacement of domain wall to overcome
the obstacles from stress and impurities during magnetization
process, which is roughly proportional to the area of the
corresponding hysteresis loop [50]. However, magnetic hysteresis
loss is usually ruled out of total magnetic loss when EM
absorption is discussed, because its contribution is almost
negligible under weak field [51, 52].

According to Faraday’s law of EM induction, as well as
Joul-Lenz’s law, when a magnetic conductor is applied in an
alternate magnetic field, an induced electromotive force will be
generated inside the magnetic conductor, and this induced
electromotive force will further drive the formation of induced
current (i.e., so-called eddy current) and finally produce a thermal
effect [49,53]. This is a conversion process from EM energy to
heat energy in essence, and thus eddy current loss is positively
contributed to EM absorption. However, if the eddy current is
strong, there will be a shielding effect on the alternate magnetic
field, which makes the interior of the magnetic conductor unable
to be magnetized [54,55]. This phenomenon is generally
described as skin effect, and the consequent partial invalidation of
magnetic conductor will weaken the total magnetic loss to a
certain degree. It is worth noting that the undesirable skin effect
can be effectively suppressed by decreasing the particle size and
increasing the resistivity of magnetic conductors [56, 57]. In some
cases, eddy current loss may dominate magnetic loss of EWAMs,
and such a situation always gives constant C, (C, =
p" (' )?f") values independent on the frequency (f) of incident
EM waves [52, 58], where 4" and y," are real and imaginary parts
of relative complex permeability of EWAMs, respectively.

As for residual loss, it can be further divided into three parts:
domain wall resonance, natural resonance, and exchange
resonance [50]. When ferromagnetic materials are subjected to an
alternated magnetic field, their domain walls will vibrate near the
equilibrium position, and domain wall resonance will be generated
under the condition that the frequency of the applied alternated
magnetic field is equal to the natural frequency of the domain wall
vibration. However, domain wall resonance is seldom discussed in
gigahertz EM absorption as it mainly occurs in the megahertz
range [59,60]. Natural resonance is a special form of
ferromagnetic resonance, which refers to the situation that the
maximum value of relative complex permeability will also appear
due to the existence of magnetocrystalline anisotropy equivalent
field even without a steady external magnetic field. In
ferromagnetic materials, some electron spins contributing to
magnetic response deviate from the original ordered arrangement
direction because of the influence of thermal turbulence or other
factors, and under the interaction of exchange and magnetic
dipole moment, these locally deviated spins will precess and
propagate to other ordered parts, resulting in so-called spin waves.
Once the effect of exchange interaction is much greater than that
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of dipole interaction, exchange resonance will be active and create
multiple resonance peaks [50,61]. Both natural resonance and
exchange resonance are common in ferromagnetic EWAMs, and
they can be easily identified by multiple maximum values in
frequency-dependent g and y," curves. The specific resonance
frequency can be determined by the exchange resonance mode in
terms of Eq. (1) [62, 63]

f=ro(Hot ) 1)

where y, is the gyromagnetic ratio (3.0 x 10" Oe™s”), k is
exchange constant (1.73 x 10 erg/cm), H,, M, and D represent
coercivity, saturation magnetization, and crystal size, respectively,
and y,H. and yyk/D*M; correspond to natural resonance frequency
and exchange resonance frequency, respectively. In general,
natural resonance usually occurs in the frequency range of
0.10-10.0 GHz, whereas exchange resonance works in higher
frequency region, especially with the decrease in the particle size of
ferromagnetic EWAM [51, 63].

2.1.2 Dielectric loss

The classical dielectric theory holds that the consumption of
electric energy in a dielectric medium is mainly dependent on
conductivity loss and polarization loss [64-66]. Conductivity loss
benefits from the heat effect of micro current induced by the
directional movement of residual carriers under an alternating
electric field, and the electron migrating during this process may
be achieved in two different modes [67, 68]. One is the routine
electron migrating along with conductive networks, and this
model is always established in highly conductive scaffolds, such as
carbon nanotubes (CNTs) and graphene. For example, Zhang et
al. found that a controllable compression on three-dimensional
graphene foams could bring a significant enhancement for their
microwave absorption performance, because the compression
caused a moderate shrinkage of three-dimensional networks and
more physical contacts between conductive graphene sheets, thus
increasing the circuit density and loss efficiency [69]. The other
mode relates to electron hopping between different components,
interfaces, and defects [64, 70]. In ternary Mo,C/Co/C composites,
the introduction of poorly conductive Mo,C nanoparticles
resulted in higher conductivity and stronger dielectric loss, which
was attributed to the facilitaion of electron hopping in
multicomponent composites [71]. Of note is that, in most cases,
EWAMs are embedded into resin matrix, and thus either of these
two modes requires sufficient filler loading to supply conductive
networks and decrease the energy barrier of electron hopping [67].
If the filler loading is less than the critical value, electron migrating
and hopping will be greatly suppressed, leading to feeble
conductivity loss. However, this dilemma can be moderately
alleviated by elevating temperature [72].

Polarization loss can be generally understood as the result when
charged particles overcome thermal motion driven by electric field
force [67,68]. It has long been considered that there are four
typical polarization relaxations responsible for energy loss, namely
ionic polarization, electronic polarization, dipolar polarization,
and interfacial polarization [48,65]. Ionic polarization and
electronic polarization are very fast relaxation processes that can
complete in 10107 s, which suggests that their contribution in
megahertz and gigahertz range will be negligible. Dipolar
polarization actually refers to the orientation process of intrinsic
dipoles. Under an external alternating electric field, the rotation of
these intrinsic dipoles always lags behind the field change, which
makes them have to extract energy from this field to complete the
re-orientation as soon as possible [73]. However, some nonpolar
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matters can also conduct similar process through the generation of
instanteous dipole moments under an alternating EM field, and in
addition, some defect sites, including vacancies, heteroatoms, line
defects, and planar defects, in EM functional materials may play as
polarization centers generated from the bound charges or
functional groups therein [67,74]. The occurrence of dipolar
polarization will result in frequency dispersion behaviors in the
curves of both real parts (¢,) and imaginary parts (¢,") of relative
complex permittivity [73]. Interfacial polarization widely exists at
any heterogeneous interfaces, even at solid/air interfaces, because
different dielectric properties of bilateral EM components induce
the accumulation and uneven distribution of space charges [75,
76]. Shi et al. ever depicted such heterogeneous interfaces as a
capacitor-like structure, and visualized interfacial polarization with
an equivalent circuit model [77]. More recently, Che’s group
characterized the interfacial polarization with off-axis electron
holography technique for the first time [78-80]. As observed in
Figs. 1(a)-1(h), there was distinguishable charge density
distribution between MoC nanoparticles and N-doped carbon
(NC), where red referred to positively charged region and blue
represented negatively charged region. These results clearly
demonstrated the generation of charge polarization at
MoC(-)/carbon(+) interfaces. It is interesting that interfacial
polarization is not only effective in heterogeneous composites, but
also active in some EWAMs composed of two allotropes. Our
group designed sandwich-like composites through the self-
assembly of amorphous carbon microspheres (ACMs) and
reduced graphene oxide (rGO), and their different dielectric
properties created considerable interfacial polarization to dissipate
the energy of electric field, as supported by computer simulation
technology (CST) stimulation results (Figs. 1(i)-1(k)) [81].

After in-depth investigation, Cole and Cole transformed Debye
equation into the following expression [82, 83]

() e

where ¢ and ¢, are the static dielectric constant and dielectric
constant at infinite frequency, respectively. Based on this equation,
there will be a semicircle, known as Cole-Cole semicircle or
Debye semicircle, in the curve of ¢," versus ¢, if one polarization
relaxation process occurs [84,85]. Although many studies often
identify multiple semicircles in €,” versus €, curves, it is still hard
to assign these semicircles to a specific polarization relaxation
process, and it is not reliable to conclude that more semicircles
correspond to more powerful polarization loss. Cao’s group
pioneered the decomposition of dielectric loss of MWCNTs/silica
composites into conductivity loss and polarization loss by fitting
Debye equations, and they found that conductivity loss gradually
decreased in X band, while polarization loss could present a
reverse trend [64]. Xu et al. further demonstrated the
methodology about the division of dielectric loss in a following
study, which greatly facilitated the investigation on conductivity
loss and polarization loss of different EWAMs [86].

2.2 Loss intensity and impedance matching

Relative complex permittivity (¢, = ¢’ — je) and complex

permeability (¢, = y,' — ju,") are very important parameters that
can affect EM properties of EWAMs greatly, where ¢’ and '
represent their storage capabilities of electric and magnetic energy,
and &" and p," are associated with their loss capabilities of electric
and magnetic energy [87-89]. The intensities of dielectric loss and
magnetic loss are usually determined by dielectric dissipation
factor (tand, = ¢/"/¢,") and magnetic dissipation factor (tand,, =
"), respectively [90]. However, in many cases, EWAMSs have
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Figure1 (a)-(c) Transmission electron microscopy (TEM) images, (d) hologram, (e) reconstructed phase image, (f) electric-filed map, (g) charge density map, and
(h) charge distribution on the MoC(—)/carbon(+) interface of MoC/NC composites. Reproduced with permission from Ref. [78], © Huang, W. et al. 2021. Simulated
electric field distribution of (i) rGO, (j) ACMs, and (k) sandwich-like rGO/ACMs/rGO. Reproduced with permission from Ref. [81], © WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim 2016.

compatible dielectric and magnetic characteristics, which make it
difficult to evaluate the overall loss intensities of different EWAMs,
especially when there is a trade-off relationship between dielectric
loss and magnetic loss. Attenuation constant (), as calculated by
Eq. (3), is originally employed to describe the amplitude
attenuation of EM waves in transmission medium, while it has
become a universal indicator to indicate the overall loss intensity
of EWAM s in recent years [91-93].

a= vanf

C

pre! —ulel +/(u e +u'e) (3)

In theory, the more powerful loss EWAMs have, the stronger
EM absorption should be. However, the actual performance of
EWAMs is not always consistent with their loss capability. This is
because there is another important concept, impedance matching,
related to EM absorption performance [94,95]. Impedance
matching determines the transmission behavior of EM waves at
the interface between free space and EWAMs, and most EM
waves will be reflected back at the interfaces if impedance of
EWAMs is mismatched with that of free space [37]. Stergiou and
Litsardakis elucidated the conditions for zero reflection of incident
EM waves from three aspects in detail [96], while all of them
required very accurate prerequisites that, unless EWAMs had
extremely low ¢, and p,, were nearly impossible to be realized in
relatively broad frequency range. That is to say, only wave-
transparent materials may have the chance to achieve approximate
zero-reflection conditions. The values of ¢ and g, in EWAMs are
significantly larger than those of wave-transparent materials, and
thus the front surface of EWAMs inevitably deviates from zero-
reflection conditions, which is essentially induced by the gap
between ¢, and g, (¢ > p, in most cases) [97]. Such a situation

means that it is necessary to pay close attention to the gap between
& and y, when EWAMs are designed, and otherwise, an overlarge
gap will bring mismatched impedance and very poor absorption
performance no matter how powerful intrinsic loss intensity they
have [37]. Generally speaking, there are two ways that may
improve impedance matching of EWAMs. One is to increase the
contribution of magnetic loss, while this way requires high content
of magnetic components [80, 98], which is not favourable for the
formation of lightweight EWAMSs. The other way is to reduce
relative complex permittivity moderately. For carbon-based
composites, this goal can be achieved through the decrease in the
relative graphitization degree of carbon matrix and the filler
loading of carbon-based composites [99,100], and furthermore,
the introduction of porous structure will also show a similar effect,
because the presence of porous structure can pull down the
effective permittivity according to Maxwell-Garnett’s theory [101,
102]. Ma et al. proposed a delta-function method to deduce in
terms of Egs. (4)-(6) [103]

|A|=|sinh’ (Kfd) — M| (4)

4~ Op+0)
B AT, /j €, Sin =

K=_—_—Y"*r7 2
C X C0SOzCOSOy (5)

M=
4y 'cosdie,'cosdy

Ou  0:\]"
M —E)} (1,088 + £,/cosdy)’

2 2
(6)

and they concluded that the region with the modulus of delta close
to zero would possess excellent impedance matching. In some

(p,cosdy — £,'cos0y)’ + {tan(
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following studies, |A| < 0.4 was usually considered as a threshold
for acceptable impedance matching [104, 105]. One thing to note
is that this delta-function method is established on the test model
of EM absorption, where a back metal plate is always integrated
with EWAMs [103]. As a result, this method is trouble in
evaluating the impedance matching of low-loss EWAM:s or wave-
transparent materials, and assumes the very poor impedance
matching of these materials. Another method is from the
calculation on the normalized input impedance (Z;,) of EWAMs

layer
Z = \/l:jr'tanh {j (ZTH)fd\/ﬁ} (7)

where ¢ and d are the velocity of incident EM waves and the
thickness of EWAM s layer, respectively. It is widely accepted that
there will be the optimum impedance matching when the
modulus of Z, approaches to 1 or the modulus of Z, — 1
approaches to 0 [106-108]. However, an error still exists due to
the difference between real Z,, and the modulus of Z,,, and thus
this method usually cannot explain why the values of reflection
loss (RL) do not reach infinity under the condition that the
modulus of Z, equals to 1 or the modulus of Z;, — 1 equals to 0.
As we all know, the wave impedance of free space is 377 €, and
thus one can also obtain the intrinsic wave impedance of EWAMs
according to Eq. (8) [109, 110

]
_ JH Yy
e [ B 0

where g and y, are complex permittivity and complex
permeability of free space, respectively. The difference in wave
impedance between free space and EWAMs can be directly
presented, and thus as far as we know, it will be an effective
pathway to assess the impedance matching of EWAMs in the
future.

2.3 EM test and performance evaluation

There are three common methods that can be employed to show
the performance of EWAMs in previous studies, namely arch
method, waveguide method, and coaxial method [111]. Arch
method obtains EM absorption performance by comparing the
difference in EM signals reflected from blank metal plate and the
one with EWAMs layer. It is also easy to record angle-dependent
absorption performance through the manipulation on the incident
angle of EM waves during the test, and thus arch method is
considered as one of the most effective methods to evaluate the
actual performance of EWAMs (69, 112]. However, the test of
arch method is always conducted on a resin film or moulded plate
with large size, e.g., a size of 18 mm x 18 mm for 1-18 GHz test,
which requires a large amount of EWAMs and consequently
limits its popularization in some laboratories on theoretical
research. In contrast, waveguide method and coaxial method are
more widely used in research papers. Although their testing
principles are different, both of them can ascertain RL
characteristics calculated from normalized input impedance
(please refer to Eq. (8)) with Eq. (9) [111, 113]

Zin - 1 | (9)

RL (dB) = 20log| 7 1

Compared with coaxial method, waveguide method is not only
effective for the calculation of EM absorption, but also works for
the theoretical estimation on total EM shielding efficiency
[114-116]. It has to be mentioned that the test frequency band of
waveguide is relatively narrow, and most studies using waveguide
method focus on their frequency range in 82-124 GHz
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(X band), while the test of coaxial method is easily completed in
1.0-18.0 GHz (L, S, C, X, and Ku bands) [117-123]. The results
from these three methods are very susceptible, and thus stable
operation and accurate calibration are extremely important before
the test in order to avoid the emergence of some abnormal and
unreliable data.

Minimum RL and wideband absorption are two highly
concerned characteristics for EWAMs. Minimum RL usually
corresponds to the largest absorption efficiency in the studied
frequency range. It is worth noting that more and more studies
attempt to deduce the matched thickness of EWAMs layer with
the calculated minimum RL at a specific frequency point from
Egs. (7) and (9), and conclude that the consumption of incident
EM waves complies with a quarter-wavelength model, because the
so-called experimental thickness is always very pretty close to the
theoretical thickness. In fact, Egs. (7) and (9) applied to calculate
minimum RL are established on the quarter-wavelength model
[124-126], and thus the deduced thickness is inevitably consistent
with the theoretical one. Therefore, such a comparison is not
necessary in our opinion. Instead, the researchers in the related
field should pay more attention to intrinsic loss and impedance
matching of EWAMs. The extensive studies on EWAMs have
brought us valuable experience in keeping the balance between
intrinsic loss and impedance matching, and thus it is common
that many EWAMs can have powerful absorption with minimum
RL less than —50.0 dB [43, 127]. However, such a balance is still
difficult to maintain in a wide frequency range, and the difference
in absorption efficiency will be exponentially diminished once
minimum RL exceeds —10.0 dB, and thus wideband absorption
has become a hotter topic in EM absorption. The threshold for
effective absorption is generally set at —10.0 dB, and effective
absorption bandwidth (EAB), the frequency range with RL less
than —10.0 dB, is defined as a popular indicator for wideband
absorption [43, 104, 128]. It is worth noting that some EWAMs
may possess considerable RL intensity and EAB in a specific
frequency range, while their performance drastically degrades in
other frequency ranges. Therefore, the performance evaluation of
EWAMs should be comprehensively carried out in a broad
frequency range rather than in an appointed range, and moreover,
some other parameters, such as filler loading, absorber thickness,
and even corrosion resistance, highly related to their practical
applications, should also be concerned [97, 129].

3 Core-shell composites with built-in carbon
cores

Although carbon materials exhibit great potential in the field of
EM absorption, there are few reports on core-shell carbon-based
EWAMs in early studies, because conventional carbon materials,
such as graphite and carbon black, usually have disordered
morphology and random particle size, which pose considerable
obstacle to the rational design on core-shell carbon-based
composites. Since the 1990s, the controllable synthesis of carbon
materials has made great progress, and many novel carbon
materials with tailorable size, including carbon spheres, CNTs,
graphene, and 3D aerogel, are definitely reported and start to be
applied in various research fields. There is no doubt that this
situation also promotes the development of core-shell carbon-
based EWAMs immensely, and thus we will discuss, in this
section, the related composites with built-in carbon cores
according to their morphologies.

3.1 Carbon spheres

Thanks to intrinsic dielectric loss, pure carbon spheres can
generate moderate EM attenuation without the assistance of any
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additives, and their performance is even superior to those of
graphitic carbon materials because their amorphous nature
endows them obvious advantages in impedance matching [18,
130]. For example, Wang et al. reported that solid carbon
microspheres derived from biomass could exhibit good EM
absorption performance in Ku band, whose minimum RL
intensity and EAB were —37.2 dB and 5.7 GHz, respectively, with a
route thickness of 2.0 mm [131]. It was unfortunate that when the
frequency of incident EM waves was out of Ku band, the
performance of these carbon microspheres would be drastically
reduced. The introduction of magnetic shells on the surface of
carbon spheres is considered as a well-directed strategy to enhance
EM functions, not only for the expected profits from the
formation of magnetic loss mechanism, but also for the additional
interfacial synergy through the establishment of core-shell
configuration. Wang et al. carried out the physical adsorption of
Fe* and Co* on the surface of glucose-derived carbon
microspheres, and then harvested core-shell carbon@FeCo
microspheres via high-temperature carbothermal reduction [132].
However, the limited loading of FeCo alloy shells, as well as the
graphitization of carbon microspheres during high-temperature
treatment, did not bring significant improvements, and the
minimum RL intensity and EAB were only —16.0 dB and 2.0 GHz
(7.6-9.6 GHz), respectively. Li et al. induced in situ growth of
needle NiCo,O, on the surface of carbon microspheres densely,
and the presence of NiCo,O, made solid contribution to
impedance matching and magnetic loss, which consolidated the
absorption performance of the final composites in C and X bands
to a certain degree [133]. More recently, Zhao et al. investigated
the evaluation of Ni, Co, and NiCo shells under the conditions of
hydrothermal reduction, and found that only when cobalt and
nickel ions coexisted could a continuous metallic shell be formed
on carbon microspheres [134]. This careful modulation on
external metallic shells indeed produced effective improvement in
EM absorption, and the EAB of C@NiCo was extended to
6.7 GHz with an absorber thickness of 2.1 mm and the total
effective absorption almost covers C, X, and Ku bands by
manipulating the thickness from 2.0 to 4.5 mm.

It is a consensus that there are strong forces between magnetic
nanoparticles, including electron affinity, surface tension, van der
Waals forces, and magnetic dipole interactions [135], and thus the
construction of a continuous shell on carbon microspheres is not
easy to realize and always requires a very precise control. In the
past few years, binary dielectric composites have been extensively
developed and displayed tremendous potential as lightweight and
durable EWAMs [32, 136]. Several groups, in this context, show
their interest in integrating the design concepts of binary dielectric
composites and core—shell composites, and the typical additives
for external shells includes metal oxides, metal sulphides, and
conductive polymers [137-140]. Literature review indicated that
these dielectric shells could promise similar enhancement in both
minimum RL intensity and EAB to those magnetic counterparts,
and especially for MoS,, the resultant core-shell C@MoS,
microspheres gave a minimum RL intensity of —52.6 dB and the
best EAB of 6.2 GHz with a small absorber thickness (1.4-1.6 mm,
Figs. 2(a)-2(d)) [140]. Such a good performance was attributed to
the interfacial synergy between interior carbon spheres and
external MoS, shells, as well as multiple refraction among MoS,
layers and possible inhibition on skin effect.

Apart from the intrinsic loss and the synergy of different EM
components, microstructure is playing as a very active role in the
design of high-performance EWAMs, because it may intensify the
multiple reflection of incident EM waves and promote the
consumption of EM energy [141, 142]. As a result, hollow carbon
spheres (HCSs) become much more popular scaffolds for
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core-shell carbon-based EWAMs in the latest studies [143-149].
The formation of hollow cavity is usually dependent on the space
occupation of inorganic hard templates, which is finally etched
through acidic or alkaline treatment. Yang et al. coated HCSs with
MnO, nanosheets through the decomposition of KMnO, under
acidic condition, and HCSs played as the nucleation sites for the
growth of MnO, nanosheets (Fig.2(e)) [149]. The external
diameter and the shell thickness of HCSs were about 230 and
10 nm (Figs. 2(f)-2(h)), respectively, and MnO, nanosheets were
found to be grown vertically on the surface of HCSs (Fig. 2(i)).
After the optimization of MnO, loading, they found that when the
mass ratio of KMnO, to HCSs reached 20:1, the resultant
composite, HCS-Mn-2.0, could produce the best EM absorption
characteristics, whose minimum RL intensity was —53.5 dB with
an absorber thickness of only 1.5 mm and the corresponding EAB
was 4.6 GHz (Fig. 2(j)). Both minimum RL intensity and EAB of
HCS-Mn-2.0 were much better than those of the solid counterpart
(CS-Mn-2.0, Figs. 2(j) and 2(k)), and they attributed this
enhancement to the balance between impedance matching and
dielectric loss, as well as multiple polarization relaxations induced
by hollow cavity. Hu et al. manipulated the growth of NiCo,S,
nanosheets on HCSs with a hydrothermal reaction (Fig. 2(1)).
Although NiCo,S, nanosheets presented similar growth style to
MnO, nanosheets, their narrower band gap was more favourable
for electron transfer and thus endowed the final composites with
stronger attenuation ability. The minimum RL intensity and EAB
were —65.1 dB and 6.6 GHz, and the overall EAB was as broad as
144 GHz by integrating the absorber thickness from 1.0 to
5.0 mm (Fig. 2(m)). The EM enhancement mechanism was also
related with good conductivity loss, diversified polarization modes,
and multiple reflection of incident EM waves (Fig. 2(n)).

3.2 CNTs/cartbon nanofibers (CNFs)/carbon nanocoils
(CNCs)

In recent years, one-dimensional carbon materials have been
widely utilized as the main component in high-performance
EWAMs, because their ultrahigh anisotropy ratio is favourable for
electron transfer and hopping, resulting in the formation of
conductive networks and powerful dielectric loss [3,150]. It is
unfortunate that one-dimensional carbon materials easily suffer
from mismatched impedance due to their relatively high
graphitization degree, and thus the surface coating with
heterogeneous EM components can improve impedance
matching and reinforce interfacial synergy at the same time. As a
typical kind of commercially available carbon materials, carbon
fibers (CFs) are very attractive for the construction of core-shell
carbon-based EWAMs, which benefits from the fact that their
large diameter over several microns simplifies the coating process.
For example, SiC nanowire arrays can be harvested on the surface
of CFs by chemical vapor deposition (CVD) [151-153], and
hierarchical MoS, nanosheets can also be generated on CFs
through in situ hydrothermal growth [154]. Several groups even
paved the pathway for the formation of uniform and continuous
metal-organic frameworks (MOFs) layers, and also provided a
universal platform to convert these important intermediates into
various functional heterogeneous shells [155-157]. Of note is that
the good conductivity and large diameter of CFs may induce skin
effect even if there are heterogeneous shells on their surface [158,
159], and thus most CFs-based composites fail to promise highly
impressive EM absorption performance, especially for their EABs
that are generally less than 5.0 GHz.

As we mentioned above, the decrease of the size is an effective
method to suppress skin effect, and thus CNTs and CNFs are
more popular candidates for core-shell carbon-based EWAMs
than CFs, and nevertheless, their much smaller diameter also
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poses a greater challenge for the construction of heterogeneous
shells. Conductive polymers, such as polyaniline (PANI) and
polypyrrole (PPy), always reside at the frontier of potential
heterogeneous shells, because m-m stacking interaction between
conductive polymers and graphitic carbon materials may induce
the polymerization of organic monomers along with carbon
surface [160-163]. In despite of that, it is still necessary to conduct
the surface modification of these one-dimensional carbon
nanomaterials [164,165]. Cheng et al. treated CNTs with
inductively coupled plasma and then oxygen was delivered to the
surface of CNTs to produce oxygen radicals (Fig. 3(a)) [166]. This
plasma pre-treatment significantly promoted the polymerization
of aniline monomers on the surface of CNTs, and created uniform
and dense core-shell CNTs@PANI composite (Fig. 3(b)). The EM
absorption performance was found to be related with the radio-
frequency power, and when the power was set at 50 W, the final
composite would have the strongest RL intensity of —41.4 dB and
the broadest EAB of 8.2 GHz (Fig. 3(c)). Wang et al. also obtained
core-shell CNTs@PANI composites with PVP-modified CNTs as
the nucleation sites (Figs. 3(d) and 3(e)). After an optimization on
the loading of PANI, the final composite displayed minimum RL
of —41.5 dB and EAB of 5.1 GHz with an absorber thickness of
2.0 mm (Fig. 3(f)). EM analysis revealed that electron migration in
CNTs and electron hopping from CNTs to PANT layer resulted in

good conductivity loss, and the coating of PANI layer not only
created sufficient interfacial polarization, but also played as an
impedance matching layer (Fig. 3(g)). Li et al. further induced the
polymerization of aniline monomers on both external and internal
surface of hollow prism-shaped carbon tubes, and they found this
composite could produce broad EAB (9.5-14.5 GHz) in middle
frequency range [167].

The extensive utilization of conductive polymers as external
shells of core-shell carbon-based composites is benefitted from
their continuous polymerization along the surface of CNTs/CNFs
to a large extent. In contrast, it is not easy to create uniform shells
with inorganic nanoparticles on the surface of CNTs/CNFs,
because the agglomeration of inorganic nanoparticles usually leads
to random cracks and incomplete coating [169, 170]. Only a few
CNTs/CNFs-related composites with uniform inorganic shells,
eg, CNTs@Si, CNFs@FeCo, and CNFs@SiOC, have been
successfully fabricated through CVD technique [171-173].
Although these core—shell composites may produce better EM
absorption performance than their homologous composites, they
do not exhibit any superiorities to those conductive polymers
related composites, and thus there is no much attention on this
kind of composites. Different from inorganic nanoparticles, some
two-dimensional materials composed of ultra-thin nanosheets are
usually anchored on the surface of carbon materials vertically,
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which not only ensures the complete coating of CNTs, but also
provides an opportunity to regulate the thickness of
heterogeneous shells [174-177]. Xu et al. prepared core-shell
CNFs@MnO, through ozone pre-treatment and hydrothermal
reaction (Figs. 4(a) and 4(b)) [178]. The content of MnO,
nanosheets could be tailored from 29.3 wt.% to 67.2 wt.%, and the
optimal composite gave minimum RL of —35.0 dB and EAB of
5.0 GHz with an absorber thickness of only 1.8 mm (Fig. 4(c)).
The alleviation on interface impedance gap, as well as multiple loss
mechanisms, including intrinsic eddy current and conductivity
loss, intensive reflection and scattering between nanosheets, defect-
induced dipolar polarization, and interfacial polarization, is
together responsible for good EM absorption.

CNCs are a kind of very unique one-dimensional carbon
materials with characteristic chirality. Ro et al. ever revealed the
dependence of the propagation behavior of incident EM waves on
chiral parameters and found that cotton effect would occur at
maximum power absorption [179]. Tang et al. reported that
CNCs could produce EAB close to 4.0 GHz with an absorber
thickness of 2.0 mm and the corresponding minimum RL was

about —18 dB, superior to those of primitive CNTs and CNFs
[180]. However, the chirality of CNCs makes it more difficult to
construct uniform external shells. Qin’s group pioneered the
synthesis of core-shell composites based on CNCs through atomic
layer deposition (ALD) [40]. As observed, when ALO; and Fe;O,
layers were coated on CNCs successively, the resultant composites
would display much better performance than pure CNCs (Figs.
4(d)-4(h)). The fine manipulation on ALD cycles of Al,O; and
Fe,0s, as well as the number of supercycles, could result in
periodical arrangement of ALO; and Fe;O, layers on CNCs,
which reinforced minimum RL (-40.4 dB) and EAB (5.7 GHz)
effectively (Fig.4(i)). It is very interesting that this advanced
technique also provides a solution to the dilemma of CNTs/CNFs
in supporting inorganic nanoparticles [181]. Zhao et al. even
designed gradient multilayer nanofilms on CNCs (Figs. 4(j) and
4(k)) and raised minimum RL intensity up to —58.5 dB in the
absence of any magnetic components. Multiple polarization loss
and EM reflection were considered as the primary mechanisms for
energy consumption (Fig. 4(1)) [182].
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3.3 Graphene

The discovery of graphene is like a shot in the arm for the
researchers in the field of EM absorption, because its intrinsic
characteristics, including large carrier mobility, good thermal
conductivity, high mechanical strength, and low coefficient of
thermal expansion, provide tremendous potential to develop
various high-performance EWAMs [25,26]. In addition, the
theoretical single-layer structure of graphene also offers an
opportunity to fully utilize interfacial interaction in the related
composites. Although hundreds of graphene-based composites
have been reported in the past decade, most of them just
decorated graphene or rGO nanosheets with different EM
components in order to regulate EM property and improve
impedance matching [27, 183, 184]. This situation suggests that
the construction of graphene-based composites with core—shell
configuration is still desirable to strengthen the profits from
interfacial synergy, while the large size of graphene or rGO
nanosheets remains a big challenge in creating uniform and
complete shells. The first successful example was achieved by
growing PANI nanorods vertically on the surface of graphene
nanosheets [185]. The formation of PANI shells generated
multiple polarization relaxations, and the charge transfer between
graphene and PANI nanorods was revealed by theoretical
simulation. As a result, the composite exhibited minimum RL of
—45.1 dB and EAB of 6.2 GHz with an absorber thickness of
2.5 mm. Zhang et al. found that there would be covalent C=N
bond between PANI nanorods and graphene nanosheets, and the
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optimization on the dosage of doping agent (HCIO,) could make
the composite maintain its good performance (minimum RL:
—38.6 dB, EAB: 5.8 GHz) in C and X bands as the absorber
thickness was increased to 3.7 mm [186]. In addition to good EM
performance, Wang et al. also demonstrated the excellent
corrosion resistance of core-shell GO@sulfonated PANI
composite, whose protection capability on Q235 steel could reach
as high as 97.43% after immersion in corrosive medium for 168 h
[187].

Similar to PANI nanorods, some inorganic nanorods and
nanosheets can be also planted on graphene nanosheets densely
[188-191]. For example, Chen’s group induced the growth of
Fe;O, nanorods (length: 600 nm, diameter: 100 nm) on rGO
nanosheets, and they found that neither rGO nanosheets nor
Fe;O, nanorods could produce RL intensity less than —10 dB in
the frequency range of 2.0-18.0 GHz, while the composite pulled
down RL intensity to —61.5 dB drastically (Figs. 5(a)-5(c)) [190].
In a following study, they further manipulated the vertical growth
of y-Fe,O; with similar EM absorption performance, and they
concluded that interfacial polarization and dipolar polarization, as
well as geometrical effect and dielectric resonance induced by
interfacial dual double layer model, generated considerable
contribution [188]. Although one-dimensional nanorods can be
successfully applied to be the external shells of graphene, it is very
difficult for common nanoparticles to create such dense shells,
because high surface energy will cause their serious agglomeration
once the loading on graphene exceeds a critical value. It is very
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interesting that Wang et al. broke through this bottleneck with
ALD technique, where Fe;O, and Ni shells composed of ultrafine
nanoparticles were fabricated smoothly [76]. Thanks to the
sufficient interfacial synergy, the resultant Fe;O,/graphene could
dissipate EM energy effectively in the frequency range of 3.4-18.0
GHz by accumulating the absorber thickness from 1.2 to 5.0 mm.
They also converted Al,O; layers on graphene into NiAl-layered
double hydroxide (NiAl-LDH) by a hydrothermal reaction (Figs.
5(d) and 5(e)) [39]. The final product from 100 deposition cycles
of ALLO; not only displayed good EM performance, but also
presented better corrosion resistance than conventional resin
protecting layer (Figs. 5(f) and 5(g)).

34 Three-dimensional carbon aerogel/foam

In 2015, Zhang et al. reported ultra-broadband EM response
(60.5 GHz) of graphene foam with extremely low density of
14 mg/cmy’, and they proposed that induced current generated in
the three-dimensional conductive network was primarily
responsible for the energy consumption of incident EM waves
[69]. This finding arouses extensive interest in the research of
three-dimensional carbon aerogel/foam for the fabrication of
lightweight and highly efficient EWAMs [183, 192, 193]. Actually,
the open skeleton structure not only provides auxiliary pathway
for energy consumption through multiple reflection of EM waves,
but also endows final product with some additional functions, e.g.,
self-cleaning, thermal insulation, fire retardance, infrared stealth,
and moisture capture [194-198]. Current research progress shows
that the introduction of various heterogeneous EM components is
still a mainstream direction to regulate EM property and reinforce
EM absorption of three-dimensional carbon aerogel/foam
[199-203]. However, a very similar phenomenon to graphene-
based composites is that most examples for performance
enhancement are established on the surface decoration of three-
dimensional carbon aerogel/foam rather than the construction of
a complete heterogeneous shell. This is because the complicated
internal structure of three-dimensional carbon aerogel/foam from
common methods, such as hard-template strategy, biomass
transformation, and GO self-assembly, usually cannot ensure the
uniform and continuous growth of heterogeneous components
along with the skeleton [204-208].

Instead of these three-dimensional carbon aerogel/foam, more
and more groups favour the utilization of some hydrophilic
sponges commercially available, such as polyurethane and

melamine, as the precursors of carbon scaffolds in core—shell
composites. One option is to convert these sponges into carbon
frameworks after thermal treatment, and then CVD technique is
applied to create heterogeneous shells [209-211]. For example, Ye
et al. coated melamine-derived carbon foam with SiC nanowires
and built up a unique double network structure [211]. EM
measurement revealed that the growth of SiC nanowires improved
impedance matching significantly, but induced intensive interior
multiple reflection, and meanwhile, the enough contact between
carbon scaffold and SiC nanowires also brought obvious
enhancement in interfacial polarization. The final composite
displayed its minimum RL of —36.1 dB and EAB of 4.52 GHz with
an absorber thickness of 2.60 mm. The other option is to adsorb
inorganic salts or organic small molecules in some sponges, and
then these inorganic salts or organic small molecules could be
converted into heterogeneous shells during high-temperature
pyrolysis and the employed sponge could be turned into three-
dimensional carbon scaffold synchronously [194,212-214]. Wei
et al. soaked melamine foam into Ni*/Co* solution and
conducted the growth of NiCo hydroxides through hydrothermal
reaction, and finally obtained continuous NiCo nanoarrays on
three-dimensional carbon foam [213]. After the optimization on
the loading of NiCo nanoarrays, the EAB of final composite could
reach as broad as 7.16 GHz with an absorber thickness of 2.2 mm,
and the corresponding RL was beyond —40.0 dB. Gu et al
absorbed Co* on melamine foam and then manipulated the
growth of ZIF-67 shells by the introduction of 2-methylimidazole
[194]. High-temperature pyrolysis realized the conversion of ZIF-
67/melamine into three-dimensional carbon foam coated by Co/C
heterogeneous shells. Besides those predictable magnetic loss and
polarization loss, the unique microstructure was found to be
favorable for electron migration and hopping, as well as multiple
reflection of incident EM waves, which accounted for good EM
absorption performance (RL: —59.8 dB, EAB: 5.64 GHz) of final
composite. Very recently, Meng’s group pioneered the synthesis
of macroscopic core-shell carbon-based composites through
coaxial electrospinning-freeze frying technique (Fig. 6(a)) [215].
The interior cores of the composites (Carbon@RGO/Fe;0,) were
three-dimensional carbon aerogel derived from chitosan, and their
external shells were composed of graphene nanosheets attached
with Fe;O, nanoparticles (Figs. 6(b) and 6(c)). This novel structure
provided sequential attenuation for incident EM waves, and
surface current density suggested that a well-matched impedance
was created in the composites, while volume loss intensity
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confirmed a great resonant cavity rooted by chitosan-derived
carbon aerogel (Figs. 6(d)-6(f)). The regulation on the thickness of
external graphene shells could lead to an extension of EAB to
7.52 GHz (Fig. 6(g)).

4 Core-shell composites with built-out carbon
shells

The foregoing section has clarified the progress of core-shell
composites with built-in carbon cores according to their different
morphologies. Apart from serving as internal cores, carbon
materials are more often utilized as the external shells of carbon-
based composites, because their good chemical stability not only
suppresses the agglomeration of internal cores effectively, but also
protects them from corrosion under some harsh conditions. What
is more, the dielectric property of carbon materials can be
rationally manipulated by their crystallinity and microstructure,
and thus it will be easier to regulate EM functions of core-shell
composites as carbon shells are controllably built up.

4.1 Nanoparticles embedding

Che et al. reported for the first time that crystalline Fe in CNTs
could produce strong anisotropy field due to the confinement
effect and contribute to magnetic loss greatly [216]. This exiting
discovery drives intensive interest in the embedment of magnetic
nanoparticles into some as-prepared carbon materials. In early
studies, CNT's were taken as one of the most popular hosts due to
their proper void and good dielectric property [217,218]. For
example, Zhao et al. filled CNTs with Fe and Co nanoparticles via
a wet-chemical method, and they found that Fe-filled CNTs could
exhibit smaller RL than Co-filled CNTs (-31.7 vs. —21.8 dB), while
the corresponding EAB was less than that of Co-filled CNTs (2.9
vs. 3.4 GHz) [219,220]. Zhu’s group compared the performance
of Co-filled CNTs and Fe-filled CNT's from wet-chemical method
and CVD technique, respectively [221, 222]. The results indicated
CVD technique could increase the loading of Fe nanoparticles and
even produce Fe nanowires inside CNTs, and thus Fe-filled CNT's
from CVD technique extended EAB from 29 to 42 GHz
successfully [219,221]. Although the embedment of Fe and Co
nanoparticles indeed improved EM absorption performance of
CNTs to some extent, the agglomeration of nanoparticles on the
external surface of CNTs easily occurred due to their strong
interaction [223]. As a result, some dielectric components, such as
Ag nanowires, Er,0; nanoparticles, Sm,O; nanoparticles, and Sn

nanoparticles, were also applied to be the fillers inside CNTs
[224-228]. It is unfortunate that the limited loading of these fillers
and the high crystallinity of CNTs cannot create desirable
impedance matching, and thus such composites usually suffer
from narrow EAB less than 4.0 GHz.

Ordered mesoporous carbon with cylindrical channels can also
be selected as the hosts to confine some heterogeneous EM
components [229-232]. Wang et al. ever confined y-Fe,Os, Fe;0,,
and Fe nanoparticles within ordered mesoporous carbon by a
combined process of impregnation, pre-hydrolysis, and reduction,
and investigated their EM performance in detail [233]. Although
all of them could generate magnetic loss and multiple polarization
relaxations, y-Fe,O; and Fe;O, nanoparticles made a larger
contribution to impedance matching than Fe nanoparticles,
resulting in better EM absorption in X band. In addition, some
dielectric components, e.g., ALO;, TiO,, and Ni,Os, also displayed
significant promotion on EM absorption of ordered mesoporous
carbon, where the composite of AL, Os/mesoporous carbon even
produced EAB as broad as 7.4 GHz with an absorber thickness of
3.0 mm [232,234,235]. However, ordered mesoporous carbon
faces the same matter as CNTs, ie., the agglomeration of
heterogeneous components on the external surface may pull down
the EM performance of the corresponding composites [236-238].
In order to avoid external deposition and agglomeration of
heterogeneous  components, hollow mesoporous carbon
microspheres are utilized as the hosts to accommodate additional
EM components in the latest research [100,239,240]. For
example, Cheng et al. induced the nucleation and growth of Fe;O,
nanocrystals inside hollow mesoporous carbon microspheres, and
the resultant composite promised strong RL of —60.2 dB and
broad EAB of 5.7 GHz with an absorber thickness of 2.3 mm
[240]. Ning et al. conducted a “ship-in-bottle” growth of MoS,
nanosheets inside hollow carbon microspheres (MoS,@HCS, Figs.
7(a)-7(e)). Although the formation of MoS, nanosheets did not
bring essentially enhanced EM absorption, the required absorber
thickness for similar absorption was much decreased in the
frequency range of 2.0-40.0 GHz, because the impedance
matching was significantly improved and more loss mechanisms
were created (Figs. 7(f) and 7(g)).

4.2 Arcdischarge

Since arc discharge was successfully applied for the synthesis of
LaC, nanoparticles coated with thin graphite layer in 1993, it has
attracted extensive attention in the construction of core-shell
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Reproduced with permission from Ref. [100], © American Chemical Society 2020.

carbon-based composites [241]. When magnetic metal (Fe, Co,
and Ni) and graphite ingots are served as the anode in arc
chamber, core-shell metal@C nanoparticles can be harvested after
the ignition of arc discharge [242]. Zhang et al. ever compared the
EM properties of Fe@C, Co@C, and Ni@C nanoparticles from arc
discharge, and they found that Co@C could produce the strongest
dielectric and magnetic loss among them under the same
condition [243-245]. Although such composites may also benefit
from interfacial polarization generated at the interfaces, their EM
absorption performance is not as good as expected, especially for
their relatively narrow EAB (less than 4.0 GHz), which is possibly
attributed to the fact that dielectric and magnetic properties have
not reached a desirable matching state yet. As a result, many
strategies have been adopted to improve EM absorption of
core-shell carbon-based composites prepared by arc discharge.
Wu et al. tailored the average size of Ni@C nanocapsules from
25 to 53 nm by manipulating the arc-discharge currents from 40
to 100 A, and kept the independence of the thickness of carbon
shells [246]. The results indicated that the change of particle size
did not produce visible impact on magnetic loss, while small size
could lead to the decrease of dielectric loss in low-frequency range
and the increase of dielectric loss in high-frequency range. In this
context, there was a positive complementary behaviour between
magnetic loss and dielectric loss, and EAB of the optimum sample
was significantly extended to 5.3 GHz with an absorber thickness
of 2.0 mm. Wang et al. thickened carbon shells from 2 to 9 nm by
increasing the ethanol concentration from 7 to 35 ppm [247]. It
was unfortunate that the thickening of carbon shells consolidated
dielectric loss but weakened magnetic loss, and thus the
relationship between dielectric loss and magnetic loss was further
deteriorated, which did not bring any enhancement in EM
absorption. As we know, carbon shells in these composites are
mainly responsible for dielectric loss therein, and dielectric loss
of carbon materials is highly dependent on their relative
graphitization degree [248,249]. Liu et al. decreased the relative
graphitization degree of carbon shells through an arc plasma
method [250]. The introduction of plasma reactor created more
defect sites in carbon shells, which reduced dielectric loss
moderately and increased the matching degree of characteristic
impedance, and the final composite could exhibit EAB as broad as
8.0 GHz with the absorber thickness of 2.0 mm. By considering
the difficulty in the combination of arc discharge and plasma,

more and more groups preferred to introduce defect sites through
heteroatom substitutions [69, 251]. Zhang’s group systematically
investigated the heteroatom substitution (e.g, S, N, and O) in
carbon shells by arc discharge and uncovered the correlation
between improved EM properties and the atomic-scale
microstructure [251-253]. Both experimental and theoretical
results indicated that heteroatom substitution broke the atomic-
scale symmetry and induced the separation of space charge at
heteroatom-substituted ~ sites, which increased the dipole
polarization relaxation and ultimately updated the EM wave
absorption. They even realized O-S co-substitutions in Fe@C
nanocapsules, and confirmed its advantages in EM absorption as
compared with S-substituted Fe@C nanocapsules.

Generally speaking, when different magnetic atoms are located
in a specific lattice, i.e., the alloying process, their different atomic
properties will induce electron transfer and enhance spin
polarizability, and these behaviours are considered to be
favourable for EM absorption [104,254,255]. Such a situation
further arouses the interest in core-shell alloy@C composites, and
the related research is extensively developed because the formation
of various alloys can be easily achieved by changing anode ingots
of arc discharge. In early studies, NiFe@C, CoNi@C, and FeCo@C
are common candidates for high-performance EWAMs
[256-259], and they indeed established their superiority to those
single-metal core-shell composites. Han et al. demonstrated that
FeCo@C composites could promise broad EAB of 8.0 GHz with
an absorber thickness of 2.0 mm [260]. Lei et al. found that when
superalloy FeNi; was employed as the magnetic core, the final
product not only displayed good EM absorption performance
with strong RL intensity of —47.3 dB and broad EAB of 7.0 GHz,
but also exhibited good anti-oxidation characteristics even up to
719 K [261]. Of note is that the enhancement effect in alloy cores
can be also observed when some non-magnetic atoms are
introduced [262,263]. Core-shell FeSn,/Sn@C nanocomposites
were harvested when FeSn alloy was chosen as the anode ingot
[264], and the absorption performance could be regulated by the
atomic ratio of Fe/Sn, where the optimum composite, Fe,,Sn,,@C,
could extend EAB to 9.0 GHz with an absorber thickness of
2.0 mm. The similar EM absorption performance also observed in
core-shell FeNiMo@C nanocapsules, whose broadest EAB from
9.0 to 18.0 GHz, covering the whole Ku-band and almost the
whole X-band, was achieved with 2.0 mm absorber thickness, and
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Figure8 (a) Schematic illustration of the synthesis process of HEA@graphite nanocapsules. (b)-(d) TEM images of core-shell structural FeCoNiMnCu@C
nanocapsules. (¢) Summarization of EAB with the corresponding absorber thickness, the impedance matching ratio of HEA@C-NPs, and the resistivity of graphitic
shells or HEA cores, respectively. Reproduced with permission from Ref. [266], © Wiley-VCH GmbH 2021.

the corresponding RL was close to —64.0 dB at 13.2 GHz [265].
Possibly, the synergy among different atoms in alloy cores brings
better EM compatibility in wide frequency range, thus
contributing to the extension of EAB. Following this direction, Li
et al. prepared high-entropy-alloy (HEA)@graphite nanocapsules
through arc discharge (Fig.8(a)) and investigated their EM
absorption performance [266]. Although five kinds of metal atoms
(FeCoNiTiMn) were involved in the ingot, the final product still
maintained core-shell configuration with the cores of ca. 25 nm
and the shells of ca. 2.7 nm (Figs. 8(b)-8(d)). EM measurements
detected the influence of different atoms on EM absorption (Fig.
8(e)), while FeCoNiTiMn@C did not produce comparable EAB to
FeNiMo@C (5.45 vs. 9.0 GHz) temporarily, because the specific
effect of each atom was still not addressed comprehensively. Once
the chemical composition can be accurately designed, there will be
a great opportunity to generate excellent EM performance. On the
other hand, the bloom of pure dielectric loss EWAMs in recent
years also drives the research of non-magnetic core-shell
composites from arc discharge [267-270]. When non-magnetic
metal ingots are applied as anodes in arc chamber, the final
products are usually composed of carbide cores and carbon shells.
These composites can produce strong RL (< —40 dB) with a small
absorber thickness, while the corresponding EAB is only about
4.0 GHz in most cases, remaining another challenge in this field.

4.3 Surface coating

Although arc discharge can produce core-shell carbon-based
composites with good EM absorption performance, the
requirements of special instrument and high energy input limit
the popularization of this technique to a large extent. On the other
hand, the final products from arc discharge are composed of small
nanoparticles (20-50 nm), and the interaction among magnetic
cores may be weakened once these nanoparticles are dispersed
into resin matrix during practical application except under the
condition of high filler loading [246, 264, 266]. The utilization of
magnetic assemblies is considered to be an effective strategy to
ensure magnetic interaction and even break through the Snoek’s
limitation on ferrites in gigahertz range [19,271], while arc
discharge is incapable of creating carbon shells on such magnetic
assemblies. A widely validated strategy is to coat some metal

oxides with polymers, including phenolic resin (PR), conductive
polymers, polydopamine (PDA), and polysaccharide, and then
transform intermediate precursors into core-shell carbon-based
composites with magnetic ferrites or metals as the cores through
high-temperature pyrolysis [36, 37,272, 273]. Our group reported
EM properties of core-shell Fe;0,@C microspheres from this way
for the first time [37], and we found that the synergy between
magnetic loss and dielectric loss could be effectively regulated by
the thickness of carbon shells. When the thickness reached ca.
40 nm, the final composite produced good EM absorption in the
frequency range of 4.0-18.0 GHz by manipulating the absorber
thickness from 1.5 to 5.0 mm. Later, we further demonstrated the
synthesis of core-shell Co@C microspheres with a similar method
except the utilization of H, during heat transformation [274]. It
was found that the presence of carbon shells not only maintained
the dispersion of Co cores, but also suppressed the skin effect. As a
result, carbon shells consolidated dielectric loss and magnetic loss
simultaneously, and the minimum RL and EAB of Co@C
microspheres were —40.0 dB and 4.0 GHz, respectively, with an
absorber thickness of 1.5 mm. In the following studies, the internal
magnetic cores have been widely extended to various magnetic
ferrites, metals, and alloys [275-278]. Guan et al. even harvested
core-shell CoFe/CoFe,0,@C composites through controllable
reduction of CoFe,0,@C microspheres, and the formation of
CoFe alloy induced a remarkable increase of magnetic loss, leading
to very strong RL (=71.7 dB) in low-frequency range [279].

Similar to those core-shell carbon-based composites from other
strategies, the construction of carbon shells is not only limited on
the surface of magnetic particles, and many dielectric components
can also be selected as the internal cores. The common dielectric
cores include ZnO, MnO, BaTiO;, and SiC [280-283]. For
example, Xu et al. coated MnO, nanotubes with PPy layers and
obtained core-shell MnO@C nanorods after high-temperature
pyrolysis, and they observed a significant enhancement of electric
field at the interfaces between MnO particles and carbon shells
[282]. The final composite could display minimum RL of
—-62.8 dB and EAB of 54 GHz with an absorber thickness of
2.4 mm. Our group fabricated core-shell BaTiO;@C microspheres
through a space-confined strategy, and experimentally testified
that EM enhancement indeed benefitted from the core—shell

'EN%IEI'SSIQYI‘EEQ @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(10): 9410-9439

configuration to a great extent, and the best composite could even
produce RL value as low as —88.9 dB [280]. More importantly, the
resultant BaTiO;@C microspheres performed better oxidant and
corrosion resistance than metal-based EWAMs. The EM
absorption of SiC could also be sufficiently reinforced by
depositing carbon shells, broadening EAB over 6.3 GHz, and
decreasing RL intensity less than -50 dB [281,284]. Although
these results suggest that such non-magnetic core-shell
composites can be taken as highly promising candidates for
conventional magnetic EWAMs and they are less susceptible to
application environment, their performance in S and C bands are
often criticized unless the absorber thickness is accumulated over
5.0 mm [281,284]. More recently, Lv et al. designed core-shell
SnS/Sn0,@C and Sn/SnS/SnO,@C composites as EWAMs and
broke through low-frequency absorption limitation of dielectric
materials successfully with the assistance of external electric field
[285,286]. Their works open a new avenue toward the practical
applications of dielectric EWAMs in the future.

Besides the chemical composition of internal cores, many
groups also pay considerable attention to their morphology and
microstructure. Although some Fe;O, assemblies with different
morphologies, such as nanosheets, nanospindles, and nanorings,
have been employed to construct core-shell composites, they did
not bring remarkable improvements as compared with those
common microspheres [287-289]. In contrast, microstructure
usually plays a more progressive role in the enhancement of EM
absorption performance. Yolk-shell and hollow microstructures
are two typical architectures for carbon-based composites from
the strategy of surface coating. The former is generally created by
the differential shrinkage between internal cores and external
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shells during high-temperature pyrolysis, as well as the removal of
some mediated templates [44, 283, 290-296]. For example, Li et al.
coated (CoygFey;)Fe,O, microspheres with PR layer and then
pyrolyzed the precursor in the presence of H, (Fig. 9(a)) [44]. The
reduction of (CoycFe,;)Fe,O, microspheres into Cos;Fe, particles
induced a drastic volume shrinkage, thus resulting in the
formation of yolk-shell microstructure (Figs. 9(a)-9(c)). This
unique architecture improved impedance matching, strengthened
polarization relaxations, and intensified interior reflection of EM
waves, which broadened the EAB of final Co,Fe,@C microspheres
effectively (8.4 GHz with an absorber thickness of 1.5 mm, Fig.
9(d)). As for hollow microstructure in core-shell composites, it
can be created through the pre-cavitation of internal cores
[297-300]. Our group ever etched Prussian blue analogue (PBA)
microcube with NH;-H,O and then coated hollow PBA microbox
with PR layer (Fig.9(e)) [301]. The hollow NiCo@C microbox
could be yielded after high-temperature pyrolysis (Fig. 9(f)), and
they exhibited good EM absorption performance in a wide
frequency range (3.9-18.0 GHz) by integrating the absorber
thickness from 1.0 to 5.0 mm (Fig. 9(g)). When a heterogeneous
layer is coated on the surface of ZIFs, the pyrolysis will prefer to
start at the interfaces, which may also lead to the formation of
hollow microstructure through the out-diffusion of carbon-
containing species [68]. With this method, Xu et al. further
obtained dual-shell Co@C composite, whose EAB almost reached
6.0 GHz with an absorber thickness of 2.4 mm [299]. Of note is
that Meng et al. employed Fe;O, aerogel as the internal core of
carbon-based composites, and the profitable microstructure
indeed upgraded the performance as compared with previous
homologous composites [38].
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Figure9 (a) Schematic illustration of the synthesis process of CosFe,@C microspheres. (b) SEM image, (c) TEM image, and (d) RL curves of Co,Fe,@C
microspheres. Reproduced with permission from Ref. [44], © American Chemical Society 2018. (e) Schematic illustration of the synthesis process of NiCo@C
microbox. (f) TEM image and (g) RL map of NiCo@C microbox. Reproduced with permission from Ref. [301], © Elsevier Ltd. 20201.
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44 Spontaneous formation

In addition to the methods mentioned above, there are also some
successful examples that can produce core-shell carbon-based
composites or their precursor through a spontaneous pathway.
The thermal decomposition of organometallic compounds, such
as ferrocene and cobaltocene, is validated to be effective for the
growth of metal-filled CNTs [302]. It is different from the mode of
embedding nanoparticles into CNTs, and thus the deposition and
agglomeration of nanoparticles on the external surface of CNTs
can be eliminated, and instead, metal nanowires may be generated
inside CNTs [302,303]. Lv et al. prepared FeCo@CNTs,
FeNi@CNTs, and FeCoNi@CNTs in this way, and they found that
RL intensity in S, C, and X bands was in the order of
FeCoNi@CNTs < FeNi@CNTs < FeCo@CNTs, while this order
would be FeNi@CNTs < FeCo@CNTs < FeCoNi@CNTs in Ku
band [304]. The strongest RL of FeCoNi@CNTs was —28.2 dB at
15.2 GHz with an absorber thickness of 2.0 mm, and the broadest
EAB could be identified as 8.0 GHz in FeCo@CNTs. Su et al.
further converted FeNi@CNTs into Ni,,S¢/Fe,Sq@CNTs through
the introduction of dimethyl sulfide, and this transformation
enhanced RL characteristics in Ku band, where minimum RL and
EAB were —29.6 dB and 5.6 GHz, respectively, with an absorber
thickness of 2.0 mm [305]. By considering the disadvantage of
CVD technique in mass production, Zhu et al. ever attempted to
find a simple method, where they employed the mixture of
ferrocene and activated carbon as the precursor of Fe@CNTs
[306]. Although CNTs filled with Fe nanowires could be
generated, the serious external agglomeration was also observed,
and the RL characteristics of final product were drastically
decreased. Inspired by some interesting findings in previous
studies, we harvested pea-like Fe/Fe;C nanoparticles embedded in
N-doped CNTs (Fe/Fe;C@NCNTs) through a direct pyrolysis of
FeCly/melamine mixture [307]. The final product could display
very uniform one-dimensional morphology, and Fe/Fe;C
nanoparticles were discontinuously dispersed inside CNT's (Figs.
10(a) and 10(b)). The diameter and EM properties of
Fe/Fe;C@CNTs could be easily regulated by the pyrolysis
temperature, and the composite from 600 °C promised powerful
absorption in the frequency range of 3.2-180 GHz by
accumulating the thickness of 1.0-5.0 mm (Fig. 10(c)). This
strategy was extensively extended in the following studies, where
Ni(NO;),/melamine, Co(NO;),/melamine, and Fe-
MOF/melamine were all confirmed to be robust precursor to
produce high-performance CNTs-based composites with
embedded magnetic particles [308-311].

It is well known that glucose may be moderately carbonized
under hydrothermal condition, and thus some groups realized the
preparation of some core-shell precursor through one-pot
hydrothermal reaction. For example, Sun et al. prepared
core-shell FeNi;@C nanowires through hydrothermal reduction
of Ni** and Fe™ in the presence of glucose, and the minimum RL
and EAB of the resultant composite were —43.3 dB and 5.0 GHz,
respectively, with an absorber thickness of 2.0 mm [312]. Wu et al.
also reported the formation of rice-like y-Fe,O; nanorods as
EWAMs through the hydrothermal treatment of the solution
containing Fe”, urea, and glucose [313]. More recently, our group
triggered the polymerization of pyrrole monomer in
phosphomolybdic acid (H;PMo,,0,nH,0, PMo,,) solution at
room temperature, and then transformed the intermediate
PMo,,/PPy nanospheres into pomegranate-like Mo,C@C
nanospheres under high-temperature inert atmosphere (Fig.
10(d)) [314]. The pyrolysis temperature was found to be a key
factor to affect EM absorption properties of Mo,C@C
nanospheres. When the temperature was set at 700 °C, Mo,C@C
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Figure10 (a) SEM image, (b) TEM image, and (c) RL map of
Fe/Fe;C@NCNTs. Reproduced with permission from Ref. [307], © American
Chemical Society 2019. (d) TEM image, (e) RL map, and (f) EM absorption
mechanisms of Mo,C@C nanospheres. Reproduced with permission from Ref.
[314], © Elsevier B.V. 2019.

nanospheres could exhibit strong RL intensity of —48.0 dB at
12.5 GHz with a thickness of 1.9 mm and the integrated EAB was
as broad as 14.5 GHz by accumulating the thickness from 1.5 to
50 mm (Fig.10(e)). The good performance of Mo,C@C
nanospheres was ascribed to their multiple loss mechanisms,
including conductivity loss, interfacial polarization, dipole
polarization, and multiple reflections (Fig.10(f)). This study
provided a new selection to design core-shell carbon-based
composites.

5 Special core-shell carbon-based composites

With the in-depth research on EWAMs, the construction of
core-shell carbon-based composites is not limited by simple built-
in carbon cores or built-out carbon shells, and more elaborate
designs have been applied to various novel carbon-based
composites. In this section, three kinds of special core-shell
carbon-based composites, including core-shell carbon@carbon
composites, carbon-based composites with assembled core-shell
units, and decorated core-shell carbon-based composites, will be
the focus of the discussion.

5.1 Core-shell carbon@carbon composites

As we introduced above, the construction of core-shell carbon-
based composites is usually carried out between carbon materials
and other EM components. However, in fact, the positive EM
synergy can also be performed at the interfaces of two different
carbon components when they have distinguishable relative
graphitization ~degree [75,81,92], which stimulates the
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development of core—shell carbon@carbon composites. Liu et al.
ever planted helical CNFs on CFs densely through CVD method,
and they found quite different EM properties after the growth of
helical CNFs, and the resultant composite could display the
minimum RL of -32.0 dB at 9.0 GHz and EAB of 9.8 GHz with
an absorber thickness of 2.5 mm [315]. Singh et al. further
developed the growth of CNTs forest on CFs, and the composite
gave acceptable EM absorption performance (minimum RL:
—42.0 dB) in X band even under an extremely low filler loading
(0.35 wt.%), because the hierarchical microstructure of
CFs@CNTs facilitated electron hopping through conductive
networks [316]. Zhang et al. wrapped CNFs with rGO nanosheets,
and the defect dipoles and interfacial dipoles were confirmed to be
helpful for EM attenuation [317]. More recently, our group
directed an in situ growth of ZIF-8 nanocrystals on the surface of
CNTs and then converted the intermediate into CNTs@porous
carbon nanoparticles (PCNs) composites with a unique core-shell
structure (Figs. 11(a) and 11(b)) [318]. The great difference
between amorphous carbon nanoparticles and graphitic CNTs
induced considerable interfacial polarization, so that the final
composite could show very strong RL of —71.5 dB with the
absorber thickness of only 1.1 mm, whose performance was
actually superior to those of many conventional carbon/carbon
composites (Fig. 11(c)).

The enhancement of EM absorption can also be witnessed
when there is a void between carbon cores and carbon shells (i.e.,
the formation of yolk-shell microstructure) even in the case that
they have same relative graphitization degree. This phenomenon
is usually attributed to the intensified energy consumption
induced by multiple reflection behaviours of incident EM waves
[43,319,320]. Our group ever innovatively fabricated yolk-shell
C@C microspheres through a “coating-coating-etching” route,
and revealed that the yolk-shell microstructure in these
microspheres was indeed helpful to improve impedance matching
and strengthen dielectric loss [321]. As a result, the final C@C
microspheres exhibited much better performance than solid
carbon microspheres, including both smaller RL (-39.4 vs. —14.2
dB) and broader EAB (5.4 vs. 2.6 GHz). In the following studies,
some groups further proposed that multi-shell carbon
microspheres could generate higher conductivity loss and
polarization loss than single-shell (ie., yolk-shell) carbon
microspheres due to more complex interior microstructure and
more abundant heterogeneous interfaces [46,322]. For example,

"
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Wang et al tailored the shell number of hollow carbon
microspheres through repeated deposition of SiO,/PR (Figs. 11(d)
and 11(e)) [322]. The final three-shell hollow carbon microspheres
(THCS) could give a very small RL value of —48.5 dB at 11.3 GHz
and broad EAB of 5.6 GHz with the absorber thickness of 2.8 and
2.5 mm, respectively (Fig. 11(f)), and the authors also confirmed
that this enhancement was from multiple reflection and interfacial
polarization (Fig. 11(g)). It is believed that if the microstructure
design can combine the manipulation on the relative
graphitization degree of carbon shells, there will be a bigger
breakthrough in EM absorption, while such a design concept is
still inaccessible in current carbon@carbon composites.

5.2 Assembled core-shell composites

The periodic arrangement of EM units may regulate their synergy
to some extent and bring desirable EM absorption enhancements
[323]. Such a phenomenon also encourages the researchers in the
related field to design carbon composites through the assembly of
core—shell units. Yuan et al. fabricated novel three dimensionally
ordered arrays of core-shell microspheres comprising Fe;O, cores
and ordered mesoporous carbon (OMC) shells through a
confined interface coating strategy (Figs. 12(a)-12(c)) [324]. When
the size of core-shell microspheres was about 1,200 nm, the
minimum RL of up to —57.0 dB at 8 GHz and large EAB of
6.4 GHz (7.3-13.7 GHz) could be harvested with an absorber
thickness of 3.0 mm (Fig. 12(d)), which were obviously better than
those from dispersed Fe;O,@C microspheres [37]. In some
following studies, this strategy was further extended for the
synthesis of Co/C0;0,@0MC and ZnO@OMC micropsheres
[325,326], where ZnO@OMC microspheres even produced EAB
as broad as 9.1 GHz with an absorber thickness of 2.0 mm.
Although these three-dimensional arrays of core-shell carbon-
based microspheres indeed display their advantages in EM
absorption, the complicated procedures seriously restrain their
further practical application as EWAMs.

In the past few years, MOFs have emerged as a kind of very
popular precursors for carbon-based EWAMs, because their
periodic arrangements of metal nodes and organic ligands provide
a good prerequisite for the uniform distribution of different
components in final composites [93, 97, 327-329]. Although high-
temperature pyrolysis of MOFs usually induces the formation of
small core-shell nanoparticles in carbon matrix, the final
composites will not show dominant feature (a concentric bilayer
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Figure11 (a) Schematic illustration of the synthesis process and (b) SEM image of CNTs@PCNs, and inset in (b) is the corresponding TEM image. (c) The
comparison in RL characteristics of CNTs@PCNs and other carbon/carbon composites. Reproduced with permission from Ref. [318], © The Royal Society of
Chemistry 2021. (d) and (e) TEM images and (f) RL curves of three-shell hollow carbon microspheres (THCS), and (g) EM absorption mechanism in single-shell
hollow carbon microspheres (SHCS) and THCS. Reproduced with permission from Ref. [322], © Elsevier Ltd. 2021.
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Figure 12 (a) Schematic illustration of the synthesis process, (b) SEM image, (c) TEM image, and (d) RL map of three-dimensional Fe;0,@OMC microspheres.
Reproduced with permission from Ref. [324], © American Chemical Society 2015. (e)-(g) TEM images of hierarchical Ni@C microspheres. Reproduced with
permission from Ref. [99], © The Royal Society of Chemistry 2019. (h) and (i) TEM images and (j) RL map of Si;N,@DG@Si;N, (DG: defect-engineered graphene).
Reproduced with permission from Ref. [106], © Wiley-VCH GmbH 2022. (k)-(m) SEM images, (n) flexibility picture, and (o) RL map of CC@ZnO. Reproduced with
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nanostructure) of core-shell configuration on the whole, and thus
we do not pay too much attention to MOFs-derived carbon-based
composites. However, different from conventional MOFs
transformation, when Ni-BTC (BTC = benzene-1,3,5-
tricarboxylate) was utilized as the precursor, the resultant Ni
nanoparticles would not be randomly dispersed in carbon
framework any more, but uniformly coated by a thin carbon shell,
and then these core-shell Ni@C units were further assembled into
hierarchical microspheres (Figs. 12(e)-12(g)) [99]. This
hierarchically core-shell configuration endowed Ni/C composites
with both strong RL value (-73.2 dB) and broad EM response
(14.2 GHz with the integrated thickness of 1.0-5.0 mm). If hollow
cavity was created in these Ni-BTC microspheres before high-
temperature pyrolysis, the final produce could present a moderate
upgradation in EM absorption due to the microstructure
contribution [330, 331].

In order to simplify the assembly of core-shell units, more and
more groups attempt to build core-shell configuration on some
substrates with pre-assembled units [106, 332]. For example, Liang
et al. employed Si;N, membrane with cross-linked SisN,
nanowires as the substrate, and then conducted the growth of
graphene and Si;N, layers successively through CVD deposition
(Figs. 12(h) and 12(i)) [106]. The alternant core-shell
configuration and the assembly of multi-layered nanowires were
together responsible for good EM absorption performance (EAB:
8.0 GHz, Fig. 12(j)), and more importantly, the final membrane
also showed excellent corrosion and oxidant resistance, whose RL
characteristics could be well preserved after alkaline, acidic, and
high-temperature oxidation treatment. Under this context,
commercially available carbon cloth (CC) emerged as a popular
substrate, because it not only contains CFs with a regular
arrangement, but also provides a good platform for flexible
EWAMs. To date, some arrays of typical EM constituents, such as
MnO,, CoS,, ZnO, and ZnS, have been successfully planted on the
surface of CC [333-336]. Wang et al. manipulated the
morphology of vertical ZnO arrays on CC surface with anion
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effect (Figs. 12(k)-12(m)), and they found that single-like ZnO
rods could produce high concentration of polarized charge and
three-dimensional intertwined CFs provided ballistic electron
transportation [336]. Moreover, the sufficient interfaces, multiple
scattering, and good impedance matching together contributed to
excellent EM absorption of flexible CC@ZnO (Fig. 12(n)), whose
minimum RL and EAB could reach up to —39.6 dB and 10.6 GHz,
respectively (Fig. 12(0)).

5.3 Decorated core-shell composites

With the in-depth understanding on EM properties of various
functional materials, there is increasing interest in the design of
multicomponent EWAMs which may make some desirable
breakthroughs in RL intensity and response bandwidth with the
synergy among multiple EM components [129, 337-339]. This
tendency also stimulates the related researchers to further modify
and optimize core-shell carbon-based EWAMs through a
decoration strategy. Shi et al. decorated core-shell Fe@SiO,@C
microspheres with Ni nanoparticles, and they found that in
addition to the contribution from core-shell configuration, there
was a significant magnetic coupling between neighbouring
microspheres, as well as Fe core and Ni nanoparticles, which
contributed to magnetic loss and overall EM absorption greatly
[340]. The final quaternary composites displayed intense RL value
of —45.5 dB and attractive EAB of 8.2 GHz with an absorber
thickness of 2.0 mm. Compared with the decoration of
nanoparticles, the creation of multiple coating layers in carbon-
based composites is a commonly used method to achieve better
EM absorption characteristics, where some dielectric components,
e.g, MnO,, MoS,, and PPy, are considered to be promising
candidates for the additional shells [338,341-349]. For example,
You et al. induced the growth of a-MnO, shell on the surface of
core-shell y-Fe,0;@C nanospindles [349]. By manipulating the
thickness of a-MnQO, shells, as well as the void between y-Fe,O;
core and carbon shells, the final y-Fe,0;@C@a-MnO, could
generate EAB as broad as 9.2 GHz with an absorber thickness of
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2.0 mm, almost four times wider than unmodified y-Fe,O,@C
spindles (2.26 GHz). Xu et al. conducted the polymerization of
pyrrole monomers on the surface of core-shell SiC@C fibers, and
the formation of PPy shells extended EAB from 7.16 to 8.40 GHz
[347]. The multiple interface phases and good conductive
networks were taken as the two main reasons for the
enhancement of EM absorption performance. Similarly, it is also
of great significance to build multiple core-shell composites based
on CFs [350,351]. For example, Wang et al. constructed two
additional shells on CFs through the self-assembled of MXene
nanosheets and subsequent anchoring of MoS, nanosheets, and
they found that the coated intermediate dielectric MXene sheath
enhanced the conductivity loss and MoS, at the outermost layer
improved the whole impedance matching of the final composites
[352]. With these positive modifications, the optimal RL value of
CFs (-7.78 dB) would be drastically reduced to —61.51 dB with an
absorber thickness of 3.5 mm, and meanwhile, the EAB of
CF@MXene@MosS, could be easily regulated in Ku or X band by
manipulating the thickness. More recently, Huang et al. modified
Fe;O, microspheres with PDA layer, TiO, layer, and MoS, layer in
succession, and then converted the intermediate composites into
Fe@C@TiO,@MoS, with ternary core-shell configurations (Fig.
13(a)) [353]. The shrinkage of Fe;O, cores during thermal
hydrogen reduction accounted for the formation of a void
between Fe cores and carbon shells, and the deposition of TiO,
and MoS, resulted in densely dispersed nanoparticles and
vertically grown nanosheets, respectively (Figs. 13(b)-13(e)). This
multiple core-shell composite showed excellent EM absorption
performance, whose minimum RL intensity was —-54.2 dB at
11.6 GHz (d: 2.5 mm) and the broadest EAB reached 9.6 GHz
(8.4-18.0 GHz, d: 2.6 mm, Figs. 13(f) and 13(g)). The enhanced
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polymerlzatlon
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Core-Fe  shell-C
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EM absorption was attributed to the integrated contribution from
significantly ~ consolidated  interfacial  polarization  from
heterogeneous interfaces (Fe-C, C-TiO,, and TiO,-MoS,),
improved conductivity loss behaviors from intermediate carbon
layer, magnetic-dielectric synergism effect, as well as intensified
reflection behaviors of incident EM waves (Figs. 13(h) and 13(i)).

Apart from the deposition of heterogeneous magnetic
nanoparticles and dielectric shells, in situ growth of CNTs on
core-shell carbon-based composites is being considered as
another effective strategy to strengthen their performance
[354-356]. On the one hand, the spatial stretching of CNTs is
quite favourable for the formation of conductive networks, and on
the other hand, the mode of in situ growth can avoid the poor
dispersion of CNTs. Our group employed waxberry-like Ni@C
microspheres as the platform for the growth of CNTs, where Ni
nanoparticles on the surface of microspheres acted as the catalyst
and melamine was utilized as carbon source (Figs. 13(j)-13(1))
[354]. The emergence of CNTs enhanced dielectric loss of Ni@C
microspheres  significantly, and the final composite not only
extended EAB from 4.8 to 52 GHz (Fig.13(m)), but also
decreased the filler loading from 40 wt.% to 30 wt.%. Xu et al.
further found that the growth of CNTs on core-shell
Mo,N@CoFe@C fibers offered sufficient heterogeneous interfaces
and triggered powerful interfacial polarization, and thus facilitated
conductivity loss through unique electronic migration and
hopping paths [356]. In addition, CoFe nanoparticles at the end of
CNTs were greatly helpful to build multi-scale magnetic coupling
network and reinforce magnetic response capability. The final
Mo,N@CoFe@C/CNTs composite almost induced the extension
of EAB as 3.6 time (from 1.4 to 5.0 GHz).
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Figure 13 (a) Schematic illustration of the synthesis process of ternary core-shell Fe@C@TlOZ@MOS2 TEM images of (b) Fe@C, (c) Fe@C@TiO,, and (d)
Fe@C@TiO,@MoS,, and SEM image of () Fe@C@TiO,@MoS,. ((f) and (g)) RL maps and ((h) and (i)) absorption mechanisms of Fe@C@TiO,@MoS, composite.
Reproduced with permission from Ref. [353], © Elsevier B.V. 2021. SEM images of (j) waxberry-like Ni@C microspheres and (k) Ni@C/CNTs, and (1) TEM image and
(m) RL map of Ni@C/CNTs. Reproduced with permission from Ref. [354], © The Royal Society of Chemistry 2021.
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6 Conclusions and perspectives

In this review, we introduce recent advances of core—shell carbon-
based composites toward EM absorption comprehensively. It is
undoubted that the creation of core-shell configuration can make
a solid supplement to intrinsic loss of carbon-based composites to
a large extent and develop the positive synergy between different
EM functional components effectively. In view of different
chemical compositions and synthesis methods, there are
numerous core-shell carbon-based composites that have been
designed and fabricated as high-performance EWAMs, and we
divide them into three categories, i.e., built-in carbon cores, built-
out carbon shells, and special core-shell composites, to facilitate
readers’ understanding. Table 1 summarizes EM absorption
performance in 2.0-18.0 GHz of some excellent EWAMs selected
from the aforementioned categories. As observed, carbon-based
composites with built-out carbon shells can establish some
advantages in EM absorption as compared with those
counterparts with built-in carbon cores. For example, FeNiMo@C
has both strong RL and broad EAB in each frequency range.
However, of note is that carbon-based composites with built-in
carbon cores usually require smaller filler loading, because the
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built-in carbon cores are graphitic carbon materials, which can
provide sufficient dielectric loss capability. In contrast, built-out
carbon shells are composed of amorphous carbon materials, and
thus they can improve impedance matching and reduce the back
reflection of incident EM waves. These findings mean that one can
choose the built-up mode of core-shell carbon-based composites
according to the requirements of practical application.
Carbon/carbon composites and assembled composites maintain
the advantage of low filler loading, and some of them, such as
CNTs@PCNs, even produce considerable RL intensity with a
very small absorber thickness, while its EAB still needs to be
further broadened. When multiple shells are rationally
constructed, there will be significant improvement in EAB (e.g,
Fe@C@TiO,@MoS,). It is unfortunate that this improvement is
also at the expense of filler loading, implying that the expected
synergy among different shells will be dependent on their
thicknesses.

Although these core-shell carbon-based composites have made
considerable achievements in EM absorption, there still remain
some challenges in both performance and application. First, EM
absorption in low-frequency range needs to be improved urgently.

Table1 Recent progress in core-shell carbon-based EM wave absorption material

C-band X-band Ku-band
4-8 GHz 8-12 GHz 12-18 GHz
Category Absorbers ThicknessRL,;, EAB Thickness RL,;, EAB Thickness RL,;, EAB Filled ratioReferences
(mm) (B) . (GH2) (mm) (ap) _ (GH2) (mm) (a) _ (GH? (Wt.%)
(RL < —10 dB) (RL < 10 dB) (RL < 10 dB) 7
15 6.0
C@Co 40 -54221(50-7.1) 23 -583 (100-15.5) 21 335 (12.0-180) 10 [134]
4.0
Core—shell HCP@PANI — — — 25 —64.05.0(9.5-14.5) 22 -20.0 (12.0-16.0) 30 [167]
composites with 5.0
CNF@MnO 0 =320 2.0 (5.0-7. 8 —47.23.1(7.9-11. 8 -36.
built.in carbon @MnO, 40 -32.02.0(5.0-7.0) 28 -47.23.1(7.9-11.0) 18 -36.0 (13.0-18.0) 25 [178]
cores G@PANI 40 -20.04.1(5.9-10.0) 3.0 -3496.0(7.0-13.9) 1.5 -45.1 8.0 20 [185]
(10.0-18.0)
BAN/3dCF* 40 -450 2.5(4.5-7.0) 2.8 -56.83.6(7.5-11.1) 2.0 -50.0 6.1 18 [213]
(11.9-18.0)
FeNi,@C 45 -27540(59-9.9) 35 -34.04.9(8.1-13.0) 3.0 -47250(9.0-160) 60 [261]
4.9 5.7
Fe,0,@MCHS 5 =220 0.5 (7.5-8. 9 —40. 3 -62
e;0,@ 35 -22.00.5(7.5-80) 29 -40.0 (10.1-15.0) 23 62.5 (12.3-180) 20 [240]
MoS,@HCS 3.5  —45.0 1.1 (49-6.0) 2.0 -60.03.0(9.0-12.0) 15 —50.05.0(3.0-18.0) 60 [100]
FeNiMo@C 30 -32063(47-11.0) 25 -4507.0(6.0-13.0) 19 -64.0 (10 :;01 80) 40 [265]
Core-shell sic@C 40 -21.02.0(6.0-8.0) 2.8 -50.06.0(82-162) 25 ~-19.0 65 50 [281]
composites with (10.55—417.0)
built-out carbon MnO@C 50 -14.021(59-80) 3.0 -19.050(8.0-13.0) 24 -62.8 (10 516 2 60 [282]
shells i
5.7
Zn0@C 40 -33.025(55-80) 25 -41.05.0(9.0-140) 2.0 -50.5 (12.3-180) 60 [283]
) 5.0
Fe@void@C 3.0 -49.02.0(5.5-7.5) 2.5 -30.04.0(75-11.5) 1.6 -66.5 (13.0-180) 60 [291]
3.0 6.0
H-Fe,0,@C 40 -24.03.0(6.0-85) 25 -39.0 (10.0-13.0) 1.9 -584 (12.0-180) 30 [293]
) 5.0
NiCo@C 50 -32.0 1.4(4.0-54) 25 —32.04.5(9.0-13.5) 2.1 —68.4 (1L.0-16.0) 40 [301]
3.5
CNTs@PCNs 25 -22.7 14(5.6-6.8) 15 -28.82.0(9.9-119) 11 -715 (14.5-18.0) 10 [318]
5.0
THCS 50 —33.02.0(45-65) 2.8 —-48542(9.3-13.5) 20 -29.0 (13.0-18.0) 20 (322]
4.0 4.8
i 40 -15428(5.1-7. 22 =732 1.8 -26.
o Ni@C 0 5.4 2.8 (5.1-7.9) 73 (10.8-148) 3 6.0 (13.2-18.0) 50 [99]
pecial core-shell 58
carbon-based CC@MnO, 45 -532 1.1(4.9-6.0) 25 -44.035(9.5-13.0) 2.0 -43.0 (12 .- 8.0) 25 [334]
composites CCeNPC/ 35 -17.51.5(7.0-85) 2.8 59.67.2(8.5-15.7) 2.0 —38.0 61 30 [335]
CosS, : o : R i "~ (11.9-18.0)
Fe,0,@NC/
631\4“5; 41 -68920(5.0-70) 26 -4503.4(8.1-11.5) 2.0 -30.05.3(11.3-16.6) 50 [343]
2
Fe@C@TiO .
c@C@LO® 0 31035 (5.6-9.0) 2.5 -5429.6(8.4-18.0) 2.0 -23.0 70 60 [353]

MoS, " (11.0-18.0)

‘Bimetallic nanoarray composed of nickel/cobalt embedded three-dimensional carbon foam.
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Most composites, to date, can produce good EM absorption
performance in middle- and high-frequency ranges (8.0-18.0
GHz) even if a small absorber thickness is applied, while their
performance will not be maintained in low-frequency range
(2.0-8.0 GHz) unless the absorber thickness is accumulated up to
4.0 mm. This situation is caused by the fact that their dielectric
loss and magnetic loss cannot meet the loss requirement of low-
frequency EM waves, and thus rational regulation on their EM
properties is still highly desired by composition optimization and
microstructure design. Only when this problem is solved, it is
possible to really harvest EWAMs with broadband response in the
whole frequency range of 2.0-18.0 GHz. Second, environmental
tolerance should also be paid much attention except for EM
absorption performance, because it is highly related to the usability
and lifetime of EWAMs in practical application. It is well known
that EWAMSs usually service in outdoor environment, which may
involve acidity/alkalinity, large humidity, high-temperature
exposure (dozens of degrees), and concentrated salt mist, and thus
good environmental tolerance will ensure the durable application
of EWAMs under some rigorous outdoor conditions. Magnetic
metals or ferrites are typically popular candidates for high-
performance EWAMs, while the susceptibility to corrosion and
oxidation limits their application in many cases. From this aspect,
the construction of stable dielectric composites, such as
carbon/carbon composites, may be an attractive direction for the
development of EWAMs. Third, the quantitative analysis on the
contribution of different loss modes is highly desirable. Although
magnetic coupling and interfacial polarization in EWAMs can be
observed directly with the help of electron holography, it is still
incapable of evaluating the contribution from a specific loss mode,
and thus the absorption mechanism of EWAMs in most studies
can only be roughly inferred by comparing the change of EM
parameters (ie., & and g). This context suggests that the
development of a new technique or method to quantitatively
illustrate EM absorption mechanism will be greatly helpful for the
design of high-performance EWAMs. Fourth, the concept of
machine learning is expected to play a crucial role in EM
absorption. Current EWAMs are usually designed and
constructed based on the experience of researchers, and thus it is
difficult to summarize the macro change law of EM absorption
only based on the results of several research teams. If we can build
a huge database that contains information about the composition,
microstructure, and performance of EWAMs, the prediction on
ideal EWAMs may be deduced by the computer after
comprehensive analysis and calculation, which will drastically
shorten the time and save the cost for the explore of high-
performance EWAMs.
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