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Abstract: Carbon nanotube (CNT)-reinforced Y2O3/ZrB2 ceramics were fabricated via planetary
ball milling and atmospheric-pressure plasma spraying for the first time. The phase composition,
micromorphology, and electromagnetic (EM) wave absorption performance of the Y2O3/ZrB2/CNT
hybrid was investigated from 8.2 to 12.4 GHz. Both the real and imaginary parts of the complex
permittivity were enhanced as the ZrB2 and CNT content increased. The Y2O3/ZrB2/CNT hybrids
corresponded to a ZrB2 content of 15 wt.%, and the CNT content was 2 wt.% and showed an
exceptional EM wave absorption capability, with a minimum reflection loss of −25.7 dB at 1.9 mm
thickness, and the effective absorption band was in a full X-band. These results indicate that an
appropriate CNT or ZrB2 content can tune the complex permittivity and absorption performance of
the Y2O3/ZrB2/CNT ceramics.
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1. Introduction

Electromagnetic (EM) pollution has become a serious problem to human health and
the environment due to the growth of the electronic industry and radio communication
technologies [1–3]. To solve this problem, designing and fabricating suitable microwave
absorption materials is an urgent task for researchers in the field of materials science [4–8].
Currently, polymer-based absorbing materials used as fillers have limited utility under
special environments due to their relatively poor mechanical performance. In contrast,
ceramic-based absorbers have received extensive attention due to their excellent mechanical
properties [9–11].

Y2O3 is a sintering aid that can be added into ceramics such as SiC, SiAlON, and
Al2O3; this doping promotes the solid-phase sintering of materials and can effectively
improve the mechanical properties of ceramics [12,13]. In addition, zirconium diboride
(ZrB2) has a high strength and electrical conductivity (∼6 × 104 Ω−1·cm−1), high melting
point (3200 ◦C), good thermal shock resistance, and good oxidation resistance at a high
temperature. Thus, it has attracted attention as a microwave-absorption material [14].

Such excellent features can be attributed to the unique crystal structure of ZrB2.
Typically, the graphite-like layered structure of B atoms and the electronic structure of the
Zr outer layer leads to the formation of highly conductive ZrB2 [15]. The high conductivity
implies a large value of ε′′ so that the material has a good dielectric loss capability, thus
causing the EM energy to be dissipated in the form of Joule heat by inducing a high
current [16]. However, the strong covalent bonds of ZrB2 imply that hot pressing or spark
plasma sintering at temperatures over 2000 ◦C are usually required to meet the densification
of ZrB2-based ceramics [17]. To solve the densification problem, coatings deposited by the
atmospheric-pressure plasma spraying (APS) process can effectively tune the multilayer
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structure and porosity and thus obtain a high bonding strength; this has become a key
method for preparing ZrB2-based ceramic coatings.

APS outperforms traditional methods of ceramic coating, such as thermal spray-
ing [18], laser cladding [19], micro-arc oxidation [20], and combustion synthesis [21]. It is
an exceptional technology that can meet commercial requirements due to its reduced cycle
times, high deposition efficiencies, low cost, and excellent microwave absorption perfor-
mance. More importantly, the integration of highly conductive carbon nanotubes (CNTs)
can be further optimized to control the complex permittivity and the microwave-absorption
capabilities of the Y2O3/ZrB2 ceramic [22–24].

Here, Y2O3/ZrB2/CNT hybrids with a low CNT and ZrB2 content were fabricated
by APS technology for the first time. The phase composition, micromorphology, and EM
properties of the hybrid were investigated via X-ray diffraction (XRD), scanning electron
microscopy (SEM), and a vector network analyzer (VNA), respectively. Comparative
analysis of the EM properties of ceramics doped with different contents of ZrB2 and
CNT showed that the plasma-sprayed Y2O3/ZrB2/CNT hybrids, corresponding to a ZrB2
content of 15 wt.% and the CNT content of 2 wt.%, have the best EM wave-absorption
capability, with a minimum reflection loss (RLmin) of −25.7 dB at 1.9 mm thickness, as
well as an effective absorption band (EAB) in the full X-band. Therefore, Y2O3/ZrB2/CNT
ceramics prepared via plasma-spraying could provide a theoretical basis and technical
support for mass production in the field of ceramic-based high-temperature materials.

2. Experimental

Y2O3 (99.99%), ZrB2 (99.5%) and CNT were used as raw materials. The Y2O3/ZrB2/
CNT ceramics were fabricated with different Y2O3 contents (76, 78, 81, 83, and 85 wt.%);
the corresponding samples were denoted as Y76, Y78, Y81, Y83, and Y85 for simplicity. The
mass percentages (wt.%) of the different Y2O3/ZrB2/CNT ceramics are listed in Table 1.
The desired amount of Y2O3, ZrB2 particles, and CNT were evenly mixed using planetary
ball milling. The fluidity of the powder was increased with spray drying technology,
leading to spray-dried powders with a size of 30–80 µm. The Y2O3/ZrB2/CNT ceramic
coating was prepared via the APS process, in which Ar and N2 were used as plasma gases,
with flow rates of 50 and 10 standard liters per minute (slpm), respectively. Experimental
parameters for the spray conditions were optimized for good deposition efficiency. The net
arc input power and powder flow rate were 25 kW and 4 g/min, respectively; the spraying
distance and coating thickness were 100 mm and 2 mm, respectively. Finally, the ceramic
samples were polished to a thickness of 1.2 mm for measuring EM parameters.

Table 1. The mass percentage (wt.%) for different Y2O3/ZrB2/CNT ceramics.

Sample Y2O3 (wt. %) ZrB2 (wt. %) CNT (wt. %)

1 85 15 -
2 83 15 2
3 81 15 4
4 78 20 2
5 76 20 4

The phase compositions of the plasma-sprayed samples were characterized through
XRD with Cu-Kα radiation. The microstructures of the samples were observed by SEM
(JEOL JSM-6360LV). The EM parameters of the Y2O3/ZrB2/CNT specimens with a dimen-
sion of 22.86 mm (length) × 10.16 mm (width) × 1.2 mm (thickness) were investigated in a
full X-band (8.2–12.4 GHz) by VNA (Agilent technologies E8362B).

3. Results and Discussion

Figure 1 shows the XRD pattern of the plasma-sprayed Y2O3/ZrB2/CNT samples.
The different Y2O3/ZrB2/CNT ceramics were only composed of Y2O3, ZrB2, and CNT
crystalline phases. The peak intensity of Y2O3 obviously but gradually decreased with a
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decreasing Y2O3 content. The peak intensity changes in the ZrB2 and CNT were the same
as Y2O3 when studied in the Y2O3/ZrB2/CNT specimens. There was no oxide peak for
ZrB2 in the XRD spectrum, suggesting that the plasma-spray parameters were suitable,
and the deposition efficiency was satisfactory.
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Figure 1. XRD spectra of Y2O3/ZrB2/CNT specimens with different Y2O3 contents.

SEM images of Y2O3/ZrB2/CNT ceramics are shown in Figure 2. ZrB2 and CNT
were evenly mixed with the Y2O3 matrix. The presence of a microporous structure during
the plasma-spraying process may be related to unmelted agglomerates or resolidified
agglomerates. Here, the theoretical density of Y2O3/ZrB2/CNT ceramics could be deduced
according to the density of ZrB2 (6.08 g·cm3) and Y2O3 powder (5.01 g·cm3). Correspond-
ingly, the relative densities of the Y2O3/ZrB2/CNT hybrid decreased with the Y2O3 powder
content. Furthermore, the decrease in Y2O3 content increased the porosity of the material,
but the increase in CNT content better filled the pores of the Y2O3/ZrB2/CNT ceramics
(Figure 2a,b versus Figure 2c,d).

In general, EM waves can induce two kinds of currents in the absorber: conduction
current and displacement current. Within that, the conduction current comes from moving
charge carriers and increased conductivity, which in turn, increases the value of ε′′. The ε′′

value is then related to the dielectric loss (tan δε = ε′′/ε′) capability of the absorber [25,26].
The displacement current is impacted by the dielectric polarization of local charge carriers,
and the enhanced ε′ value can be attributed to the dielectric polarization and space charge
polarization effects [27,28].

Figure 3 presents plots of ε′ and ε′′ over 8.2 to 12.4 GHz, as the content of Y2O3
changed. In the full X-band, both ε′ and ε′′ of the five samples slightly decreased as the
frequency increased. In the Y85 sample, the ε′ was about 12.5, and the ε′′ was only 0.8,
indicating that the high content of Y2O3 and the relatively low content of ZrB2 lead to
lower complex dielectric properties when there was no CNT. This also shows that the Y85
sample may possess a lower dielectric loss ability and poor absorbing ability.

When the ZrB2 content was 15 wt.%, the ε′ and ε′′ values of the Y83 sample were
slightly enhanced; the Y81 sample had significantly improved ε′ and ε′′ values. We made a
control Y85 ceramic without CNT, and we found that the ε′ and ε′′ of Y85 could increase
from 12.8 to 34.6 and 0.8 to 18.0, respectively. When the content of ZrB2 was 20 wt.%, the ε′

and ε′′ of Y78 were higher than the Y83 sample. The relationship of Y76 and Y81 was the
same as the result of CNT at 2 wt.%. These data indicated that Y76 had the highest values
of ε′ and ε′′: 41.1 and 23.4 versus the other four samples. The Y85, Y83, and Y81 samples
had ε′ and ε′′ values that gradually increased as the content of Y2O3 decreased. These
changes were attributed to the enhancement of the CNT content, which in turn, increased
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the conductivity of the material and improved the dielectric properties of Y2O3/ZrB2
ceramics.
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The ε′ and ε′′ values increased significantly in Y83 and Y78 samples as the content
of Y2O3 decreased at a constant CNT content. The increased ZrB2 content increased the
complex permittivity of the material. Y81 and Y76 samples showed a similar trend. In
the Y78 and Y76 samples, the ε′ and ε′′ values of the materials exhibited a significant
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increase when the content of ZrB2 (20 wt.%) remained the same, due to the increase in
the content of highly conductive CNTs. These results show that increasing the content of
ZrB2 and CNT improves the ε′ and ε′′ of the Y2O3/ZrB2/CNT ceramic. The improved
conductivity of the mobile electrons in the absorber was affected by defects such as dangling
bonds and vacancies, especially those caused by the interface between the ZrB2 and
Y2O3 phases [29–31]. Under the effect of the EM field, free carriers in the absorber could
accumulate at these interfaces, thus leading to space charge polarization and an increasing
ε′. Therefore, the enhanced ε′ value was related to an increased ZrB2 content and the
number of ZrB2/Y2O3 interfaces. Furthermore, a higher ZrB2 and CNT content would also
lead to more permeable electrical pathways, thus improving the ε′′ value. Moreover, when
the content of CNT was equal, the enhanced ZrB2 content increased the value of ε′ and
ε′′. The increase in CNT content enhanced the ε′ and ε′′ values of the Y2O3/ZrB2/CNT
ceramic when the content of ZrB2 was equal. Therefore, we concluded that the presence of
ZrB2 or CNT enacted a significant effect on the dielectric properties of Y2O3/ZrB2/CNT
ceramics.

The EM wave absorption performance of the plasma-sprayed Y2O3/ZrB2/CNT ce-
ramic coatings from 8.2 to 12.4 GHz are shown in Figure 4a–e. In Figure 4a, the minimum
reflection loss (RLmin) of the Y85 sample was only −3.8 dB at 9.4 GHz, with a 2.2 mm
thickness. The Y83 sample (Figure 4b) had a RLmin value of −25.7 dB at 12.3 GHz, with a
1.9 mm thickness. The improved microwave absorption ability may have been caused by
the enlarged ε′ and ε′′ values from CNTs, forming a dense conductive percolation network.
This network increased the conductivity loss. Furthermore, the effective absorption band
(the RLmin was lower than −10 dB) of Y83 ceramics covered the full X-band when the
absorber’s thickness was 2.0 mm. However, the Y81 ceramic showed an RLmin value of
−13.0 dB at 1.3 mm thickness from 8.2 to 12.4 GHz (Figure 4c). The decreasing RLmin value
may be attributed to the highest conductivity based on excessive CNT content. Excessive
CNTs cause more EM waves to be reflected from the emitting surface; thus, the waves
cannot be absorbed and consumed, i.e., impedance mismatching.

When the ZrB2 content increased to 20 wt.%, the RLmin values of Y78 and Y76 were
−22.0 dB at 12.2 GHz with a 1.9 mm thickness and −9.8 dB at 12.4 GHz with a 1.2 mm
thickness, respectively (Figure 4d,e). Such results further prove that an appropriate CNT
content is critical to an optimized absorbing performance in Y2O3/ZrB2/CNT ceramics.
Therefore, the excellent RL value of the Y2O3/ZrB2/CNT material corresponded to the
ZrB2 content (15 wt.%) and the CNT content of 2 wt.%. The loss tangent (tan δ) of the
prepared composite samples, which is representative of the power loss in the material with
respect to the stored reactive power, was estimated as the ratio between the imaginary
and real part of the complex effective permittivity [32,33]. The computed values of tan
δ are reported in Figure 4f. We notice that tan δ, which increased with the contents of
ZrB2 and CNT in the composite, was always greater than Y85 in the whole frequency
range for samples Y76, Y78, Y81, and Y83. As we know, the highest tan δε values for
the sample represent the impressive storage and loss capabilities for electrical energy.
The dielectric loss behavior is mainly related to conductivity loss and polarization loss.
Among that, ionic polarization and electronic polarization always work in the frequency
of 103–106 GHz, and dipole orientation polarization from the frustrated reorientation of
dipoles prefers frequency dispersion [34,35]. Thus, the dielectric loss should be determined
by the interfacial polarization between Y2O3, ZrB2, and CNT. Furthermore, the highest
dielectric loss capability prompts it to consume electromagnetic waves and obtain an
excellent reflection loss.
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To better analyze this phenomenon of different microwave absorbers, two essential
factors, the EM attenuation constant (α) and impedance matching (|Zin/Z0|), need to be
considered [36–38]. The maximum value of α suggests that more EM waves can enter the
material and transform EM energy into thermal energy, as shown in Equation (1) [39]:

α =

√
2

c
π f ×

√(
µ′′ ε′′ − µ′ε′) +

√
(µ′′ ε′′ − µ′ε′)2 + (µ′′ ε′′ + µ′ε′)2 (1)

Figure 5a presents the α value of the five samples in the X-band. The Y85 sample
showed an average α value of about 19.0, but the α value of doped-CNT samples had a
major effect relative to the lowest α value seen in the undoped-CNT Y85 ceramic. These
data further prove that the addition of CNT can improve EM attenuation, leading to
good microwave absorption. The average α values of Y76 and Y81 were 319.8 and 267.1,
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respectively. The average α values of Y78 and Y83 were 188.8 and 176.4, respectively.
The Y76 and Y81 values showed a larger α value versus Y78 and Y83, suggesting an
exceptional EM wave attenuation ability. However, Y78 and Y83 ceramics had higher
reflection loss values than Y76 and Y81: the attenuation constant only indicates that the
material has a strong EM attenuation ability. No other factor could be considered, i.e.,
impedance matching. Figure 5b–f shows the impedance matching of five samples simulated
at different absorbing thicknesses. Values of |Zin/Z0| of Y85, Y81, and Y76 ceramics were
far from 1, but Y83 and Y78 approached 1 as the absorbing thickness changed. These
observations suggest that Y83 and Y78 samples absorb more EM waves. Therefore, good
microwave absorption is related to both EM attenuation loss and impedance matching.
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4. Conclusions

Y2O3, ZrB2, and CNT powders were uniformly mixed via a planetary ball mill, fol-
lowed by spray drying. The Y2O3/ZrB2/CNT ceramics were fabricated by APS technology.
The ε′ and ε′′ values of Y2O3/ZrB2/CNT ceramics increased when the ZrB2 or CNT
contents increased, because Y2O3/ZrB2/CNT ceramics have dense conductive percola-
tion pathways. These pathways can respond to the presence of conductance losses and
thus improve the microwave absorption ability. The RLmin value of the Y83 sample was
−25.7 dB at 12.3 GHz with a 1.9 mm thickness. One could control the EM properties of
Y2O3/ZrB2/CNT ceramics by tuning the mass percentage of Y2O3, ZrB2, and CNT. This
could lead to a high attenuation capability and good impedance matching. This unique
Y2O3/ZrB2/CNT hybrid had excellent EM wave absorption properties and is a good
candidate for designing ceramic-based high-temperature absorbers.

Author Contributions: All authors contributed to the study conception and design. Material prepa-
ration, data collection, and analysis were performed by R.L. R.L. wrote the manuscript. Y.Q. gave
financial support and measurement support for this work. Both authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Shahzad, F.; Alhabeb, M.; Hatter, C.B.; Anasori, B.; Hong, S.M.; Koo, C.M.; Gogotsi, Y. Electromagnetic interference shielding

with 2D transition metal carbides (MXenes). Science 2016, 353, 1137–1140. [CrossRef]
2. Iqbal, A.; Shahzad, F.; Hantanasirisakul, K.; Kim, M.K.; Kwon, J.; Hong, J.; Kim, H.; Kim, D.; Gogotsi, Y.; Koo, C.M. Anomalous

absorption of electromagnetic waves by 2D transition metal carbonitride Ti3CNTx (MXene). Science 2020, 369, 446–450. [CrossRef]
3. Lv, H.L.; Yang, Z.H.; Liu, B.; Wu, G.L.; Lou, Z.C.; Fei, B.; Wu, R.B. A flexible electromagnetic wave-electrivity harvester. Nat.

Commun. 2021, 12, 834. [CrossRef]
4. Li, X.; Li, M.H.; Lu, X.K.; Zhu, W.J.; Xu, H.L.; Xue, J.M.; Ye, F.; Liu, Y.S.; Fan, X.M.; Cheng, L.F. A sheath-core shaped ZrO2-

SiC/SiO2 fiber felt with continuously distributed SiC for broad-band electromagnetic absorption. Chem. Eng. J. 2021, 419, 129414.
[CrossRef]

5. Zhang, X.; Ji, G.; Liu, W.; Zhang, X.; Gao, Q.; Li, Y. A novel Co/TiO2 nanocomposite derived from a metal–organic framework:
Synthesis and efficient microwave absorption. J. Mater. Chem. C 2016, 4, 1860–1870. [CrossRef]

6. Li, Y.; Qing, Y.C.; Zhou, Y.F.; Zhao, B.; Zhi, Q.; Fan, B.B.; Zhang, R. Unique nanoporous structure derived from Co3O4-C and
Co/CoO-C composites towards the ultra-strong electromagnetic absorption. Compos. B Eng. 2021, 213, 108731–108734. [CrossRef]

7. Zou, J.; Liu, L.; Chen, H.; Khondaker, S.I.; McCullough, R.D.; Huo, Q.; Zhai, L. Dispersion of Pristine Carbon Nanotubes Using
Conjugated Block Copolymers. Adv. Mater. 2008, 20, 2055–2060. [CrossRef]

8. Qing, Y.C.; Wen, Q.L.; Luo, F.; Zhou, W.C. Temperature dependence of the electromagnetic properties of graphene nanosheet
reinforced alumina ceramics in the X-band. J. Mater. Chem. C 2016, 4, 4853–4862.

9. Song, P.; Liu, B.; Qiu, H.; Shi, X.T.; Cao, D.P.; Gu, J.W. MXenes for polymer matrix electromagnetic interference shielding
composites: A review. Compos. Commu. 2021, 24, 100653. [CrossRef]

10. Zhang, C.; Yin, S.; Long, C.; Dong, B.W.; He, D.P.; Cheng, Q. Hybrid metamaterial absorber for ultra-low and dual-broadband
absorption. Opt. Express 2021, 29, 14078–14086. [CrossRef]

11. Zhao, B.; Li, Y.; Zeng, Q.W.; Wang, L.; Ding, J.J.; Zhang, R.; Che, R.C. Galvanic Replacement Reaction Involving Core–Shell
Magnetic Chains and Orientation-Tunable Microwave Absorption Properties. Small 2020, 16, 2003502. [CrossRef]

12. Huang, S.S.; Zhou, W.C.; Wei, P.; Luo, F.; Zhu, D.M. Effects of Y2O3 on mechanical, dielectric, and microwave-absorbing properties
of short carbon-fiber/Al2O3 composites. Phys. Status Solidi 2014, 211, 630–635. [CrossRef]

13. Faisal, M.; Khasim, S. X-band microwave absorption and dielectric properties of polyaniline-yttrium oxide composites. E-Polymers
2014, 14, 209–216. [CrossRef]

14. Rangaraj, L.; Divakar, C.; Jayaram, V. Fabrication and mechanisms of densification of ZrB2-based ultra-high temperature ceramics
by reactive hot pressing. J. Eur. Ceram. Soc. 2010, 30, 129–138. [CrossRef]

15. Li, H.; Zhang, L.; Zeng, Q.; Wang, J.; Cheng, L.; Ren, H.; Guan, K. Crystal structure and elastic properties of ZrB compared with
ZrB2: A first-principles study. Comput. Mater. Sci. 2010, 49, 814–819. [CrossRef]

16. Qing, Y.C.; Su, J.; Wen, Q.; Luo, F.; Zhu, D.; Zhou, W. Enhanced dielectric and electromagnetic interference shielding properties of
FeSiAl/Al2O3 ceramics by plasma spraying. J. Alloys Compd. 2015, 651, 259–265. [CrossRef]

17. Zhu, S.; Fahrenholtz, W.G.; Hilmas, G.E. Enhanced densification and mechanical properties of ZrB2-SiC processed by a preceramic
polymer coating route. Scripta. Mater. 2008, 59, 123–126. [CrossRef]

http://doi.org/10.1126/science.aag2421
http://doi.org/10.1126/science.aba7977
http://doi.org/10.1038/s41467-021-21103-9
http://doi.org/10.1016/j.cej.2021.129414
http://doi.org/10.1039/C6TC00248J
http://doi.org/10.1016/j.compositesb.2021.108731
http://doi.org/10.1002/adma.200701995
http://doi.org/10.1016/j.coco.2021.100653
http://doi.org/10.1364/OE.423245
http://doi.org/10.1002/smll.202003502
http://doi.org/10.1002/pssa.201330238
http://doi.org/10.1515/epoly-2013-0079
http://doi.org/10.1016/j.jeurceramsoc.2009.08.003
http://doi.org/10.1016/j.commatsci.2010.06.027
http://doi.org/10.1016/j.jallcom.2015.08.107
http://doi.org/10.1016/j.scriptamat.2008.02.043


Nanomaterials 2021, 11, 2640 9 of 9

18. Singh, H.; Sidhu, B.S.; Puri, D.; Prakash, S. Use of plasma spray technology for deposition of high temperature oxidation/corrosion
resistant coatings—A review. Mater. Corros. 2007, 58, 92–102. [CrossRef]

19. Wang, Y.; Darut, G.; Poirier, T.; Stellac, J.; Liaoa, H.; Planche, M.P. Ultrasonic cavitation erosion of as-sprayed and laser-remelted
yttria stabilized zirconia coatings. J. Eur. Ceram. Soc. 2017, 24, 3623–3630. [CrossRef]

20. Li, H.; Sun, Y.; Zhang, J. Effect of ZrO2 particle on the performance of micro-arc oxidation coatings on Ti6Al4V. Appl. Surf. Sci.
2015, 342, 183–190. [CrossRef]

21. Pan, J.; Zheng, Y.; Zheng, Y.; Ye, W.; Yu, W. Solidification mechanism and microstructure evolution of Al2O3-ZrO2 ceramic coating
prepared by combustion synthesis and thermal explosion spraying. Ceram. Int. 2017, 43, 4037–4041. [CrossRef]

22. Zhao, B.; Li, Y.; Ji, H.Y.; Bai, P.W.; Wang, S.; Fan, B.B.; Guo, X.Q.; Zhang, R. Lightweight graphene aerogels by decoration of 1D
CoNi chains and CNTs to achieve ultra-wide microwave absorption. Carbon 2021, 176, 411–420. [CrossRef]

23. Che, R.C.; Peng, L.M.; Duan, X.F.; Chen, Q.; Liang, X.L. Microwave Absorption Enhancement and Complex Permittivity and
Permeability of Fe Encapsulated within Carbon Nanotubes. Adv. Mater. 2004, 16, 401–405. [CrossRef]

24. Gao, X.R.; Jia, Z.R.; Wang, B.B.; Wu, X.M.; Sun, T.; Liu, X.H.; Chi, Q.G.; Wu, G.L. Synthesis of NiCo-LDH/MXene hybrids
with abundant heterojunction surfaces as a lightweight electromagnetic wave absorber. Chem. Eng. J. 2021, 419, 130019–130030.
[CrossRef]

25. Lv, H.L.; Yang, Z.H.; Ong, S.J.H.; Wei, C.; Liao, H.B.; Xi, S.B.; Du, Y.H.; Ji, G.B.; Xu, Z.C. A flexible microwave-shield with tunable
frequency-transmission and electromagnetic compatiblity. Adv. Funct. Mater. 2019, 29, 1900163. [CrossRef]

26. Qing, Y.C.; Zhou, W.C.; Luo, F.; Zhu, D.M. Titanium carbide (MXene) nanosheets as promising microwave absorbers. Ceram. Int.
2016, 42, 16412–16416. [CrossRef]

27. Liang, X.; Man, Z.; Quan, B.; Zheng, J.; Gu, W.H.; Zhang, Z.; Ji, G.B. Environment-Stable CoxNiy Encapsulation in Stacked Porous
Carbon Nanosheets for Enhanced Microwave Absorption. Nano-Micro Lett. 2020, 12, 102. [CrossRef] [PubMed]

28. Zhao, B.; Deng, J.S.; Zhang, R.; Liang, L.Y.; Fan, B.B.; Bai, Z.Y.; Shao, G.; Park, C.B. Recent Advances on the Electromagnetic Wave
Absorption Properties of Ni Based Materials. Eng. Sci. 2018, 3, 5–40. [CrossRef]

29. Ye, X.L.; Chen, Z.F.; Ai, S.F.; Hou, B.; Zhang, J.X.; Liang, X.H.; Zhou, Q.B.; Liu, H.Z.; Cui, S. Porous SiC/melamine-derived carbon
foam frameworks with excellent electromagnetic wave absorbing capacity. J. Adv. Ceram. 2019, 8, 479–488. [CrossRef]

30. Zhang, X.J.; Zhu, J.Q.; Yin, P.G.; Guo, A.P.; Huang, A.P.; Guo, L.; Wang, G.S. Tunable high-performance microwave absorption of
Co1-xS hollow spheres constructed by nanosheets within ultralow filler loading. Adv. Funct. Mater. 2018, 28, 1800761. [CrossRef]

31. Yu, Z.J.; Lv, X.; Mao, K.W.; Yang, Y.J.; Liu, A.H. Role of in-situ formed free carbon on electromagnetic absorption properties of
polymer-derived SiC ceramics. J. Adv. Ceram. 2020, 9, 617–628. [CrossRef]

32. Li, X.; Du, D.; Wang, C.; Wang, H.; Xu, Z. In situ synthesis of hierarchical rose-like porous Fe@ C with enhanced electromagnetic
wave absorption. J. Mater. Chem. C 2018, 6, 558–567. [CrossRef]

33. Wang, F.; Sun, Y.; Li, D.; Zhong, B.; Wu, Z.; Zuo, S.; Yan, D.; Zhuo, R.; Feng, J.; Yan, P. Microwave absorption properties of 3D
cross-linked Fe/C porous nanofibers prepared by electrospinning. Carbon 2018, 134, 264–273. [CrossRef]

34. Tian, C.; Du, Y.; Xu, P.; Qiang, R.; Wang, Y.; Ding, D.; Xue, J.; Ma, J.; Zhao, H.; Han, X. Constructing uniform core–shell PPy@
PANI composites with tunable shell thickness toward enhancement in microwave absorption. ACS Appl. Mater. Interfaces 2015, 7,
20090–20099. [CrossRef] [PubMed]

35. Li, Y.; Zhao, Y.; Lu, X.; Zhu, Y.; Jiang, L. Self-healing superhydrophobic polyvinylidene fluoride/Fe3O4@polypyrrole fiber with
core–sheath structures for superior microwave absorption. Nano Res. 2016, 9, 2034–2045. [CrossRef]

36. Li, Y.; Qing, Y.C.; Zhao, B.; Bai, P.; Zhang, R.; Yao, H.; Luo, F. Tunable magnetic coupling and dipole polarization of core-shell
Magnéli Ti4O7 ceramic/magnetic metal possessing broadband microwave absorption properties. Ceram. Int. 2021. [CrossRef]

37. Gao, S.; Wang, G.S.; Guo, L.; Yu, S.H. Tunable and ultra-efficient microwave absorption properties of trace N-doped two-
dimensional carbon-based nanocomposites loaded with multi-rare earth oxides. Small 2020, 16, 1906668. [CrossRef]

38. Wang, G.; Hoong, S.J.; Zhao, Y.; Xu, Z.; Ji, G. Integrated multifunctional macrostructures for electromagnetic wave absorption and
shielding. J. Mater. Chem. A 2020, 8, 24368–24387. [CrossRef]

39. Jiao, Y.; Li, J.; Xie, A.; Wu, F.; Zhang, K.; Dong, W.; Zhu, X. Confined polymerization strategy to construct polypyrrole/zeolitic
imidazolate frameworks (PPy/ZIFs) nanocomposites for tunable electrical conductivity and excellent electromagnetic absorption.
Compos. Sci. Technol. 2019, 174, 232–240. [CrossRef]

http://doi.org/10.1002/maco.200603985
http://doi.org/10.1016/j.jeurceramsoc.2017.04.037
http://doi.org/10.1016/j.apsusc.2015.03.051
http://doi.org/10.1016/j.ceramint.2016.11.153
http://doi.org/10.1016/j.carbon.2021.01.136
http://doi.org/10.1002/adma.200306460
http://doi.org/10.1016/j.cej.2021.130019
http://doi.org/10.1002/adfm.201900163
http://doi.org/10.1016/j.ceramint.2016.07.150
http://doi.org/10.1007/s40820-020-00432-2
http://www.ncbi.nlm.nih.gov/pubmed/34138083
http://doi.org/10.30919/es8d735
http://doi.org/10.1007/s40145-019-0328-2
http://doi.org/10.1002/adfm.201800761
http://doi.org/10.1007/s40145-020-0401-x
http://doi.org/10.1039/C7TC04897A
http://doi.org/10.1016/j.carbon.2018.03.081
http://doi.org/10.1021/acsami.5b05259
http://www.ncbi.nlm.nih.gov/pubmed/26322386
http://doi.org/10.1007/s12274-016-1094-x
http://doi.org/10.1016/j.ceramint.2021.08.240
http://doi.org/10.1002/smll.201906668
http://doi.org/10.1039/D0TA08515D
http://doi.org/10.1016/j.compscitech.2019.03.003

	Introduction 
	Experimental 
	Results and Discussion 
	Conclusions 
	References

