
162 Journal of Composites and Biodegradable Polymers, 2025, 13, 162-173  

 
Received on 14-11-2025 Accepted on 22-12-2025 Published on 29-12-2025 
 

E-ISSN: 2311-8717/25 

Facile Fabrication of Renewable Wood-Derived Carbon/SiBCN 
Aerogel Composites for High-Performance Microwave Absorption 

Yuan Ke#, Shangbo Han#, Lingyu Yang, Xianqi Chen, Peitao Hu, Changqing Hong and 
Shun Dong* 

Science and Technology on Advanced Composite in Special Environments Laboratory, Harbin Institute of 
Technology, Harbin 150001, China 

Abstract: With the rapid development of communication technologies, there is an urgent demand for high-performance 
microwave absorbing materials. Wood-derived carbon (WDC), characterized by its lightweight, renewable, low-cost, and 
tunable dielectric properties, is regarded as a core candidate for future green microwave absorbing materials. However, 
pure WDC exhibits relatively limited microwave absorption performance. Thus, this work demonstrates a facile strategy 
for integrating WDC with SiBCN aerogels via controlled growth within the WDC matrix, achieved through a two-step 
sol-gel process combined with thermal treatment. SiBCN aerogel particles formed a typical three-dimensional network 
structure within the pores of WDC. The resulting WDC/SiBCN aerogel composite achieved a minimum reflection loss 
(RLmin) of -46.0 dB at a thickness of only 1.71 mm, with an effective absorption bandwidth (EAB) of 3.60 GHz, which 
demonstrates significantly enhanced microwave absorption performance compared to existing similar systems. The 
performance improvement is attributed to the synergistic effects of dipole polarization, multiple reflection mechanisms, 
and excellent impedance matching between the SiBCN aerogel and wood-derived carbon. This research provides a 
novel strategy for fabricating WDC/SiBCN aerogel composites that combine renewability with superior microwave 
absorbing capabilities. 

Keywords: Composite, Microwave absorption, Reflection loss, Sol-gel and thermal treatment method, SiBCN 
aerogel, Wood-derived carbon. 

1. INTRODUCTION 

In recent years, with the rapid popularization of 5G 
technology, the virtual reality and smart home 
industries have flourished, and the quality of human life 
has been significantly improved. However, behind the 
rapid development of communication technology, the 
problems brought by microwaves have become 
increasingly prominent. It not only causes serious 
pollution to the environment, interferes with the normal 
operation of advanced electronic devices, but also 
poses a threat to public health. Consequently, 
developing renewable materials with superior 
microwave absorption capabilities has become a 
paramount research objective [1-4]. 

Wood-derived carbon (WDC), obtained by 
pyrolyzing renewable wood, serves as a sustainable, 
lightweight, and hierarchically porous building block for 
green composite microwave absorbers, where its 
bio-based origin and scalable processing align well 
with the emerging development of environmentally 
friendly wood-based absorbing/shielding composites 
[5], owing to its unique dielectric properties, excellent 
structural tunability, and environmentally friendly  
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characteristics in recent years [6, 7]. However, the 
microwave absorption performance of WDC is usually 
not outstanding, because their high conductivity 
leading to poor impedance matching [8]. For example, 
Qin et al. [2] have tested the microwave absorption 
performance of WDC whose minimum reflection loss 
>-10dB. Therefore, many studies have been conducted 
to enhance the microwave absorption performance of 
wood. Dong et al. [9] investigated that the RL values of 
porous biomass-derived carbon (PBDC) prepared from 
teak wood all exceeded -10 dB, indicating its limited 
microwave absorption performance. By introducing 
manganese dioxide (MnO₂) nanowires into the PBDC 
matrix through a facile method, the resulting 
three-dimensional MnO₂ nanowires/PBDC composite 
exhibited optimized impedance matching and 
enhanced microwave absorption properties. When the 
thickness was 2.47 mm, the RLmin reached -51.6 dB at 
10.4 GHz, with an effective absorption bandwidth 
(EAB) of 4.7 GHz, demonstrating significantly improved 
microwave absorption performance compared to the 
pristine PBDC material. Lou et al. [10] demonstrated 
that natural wood shavings exhibit ineffective 
microwave absorption performance. However, by 
subjecting pre-prepared Fe₃O₄/wood chip composites 
to in-situ carbonization at 1000 °C, they successfully 
synthesized porous carbon matrix with inlaid 
Fe3C/Fe3O4 micro-particles (CFF). This composite 
achieved an optimal RLmin of -26.72 dB at a thickness 
of 3.15 mm. Thus, the strategy of compositing WDC 
with other wave-absorbing materials have already been 
proved to be a practicable method to improve the 
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microwave absorption performance of pure WDC and 
also has garnered significant attention from 
researchers. Apart from these conventional 
magnetic-loss microwave absorbers, which probably 
tend to degrade or fail under high-temperature 
conditions, dielectric absorbers represent another 
major class of candidates that can likewise be 
leveraged to improve the microwave absorption 
performance of wood-derived carbon [11]. Among 
these, precursor-derived silicon-based ceramics are 
usually considered excellent materials for modification 
due to their high-temperature resistance, superior 
dielectric properties, and easy compositional tenability 
[12]. In particular, SiBCN [13], compared to other 
precursor-derived silicon-based ceramics such as 
SiOC [14] and SiCN [15], exhibits superior thermal 
stability. 

Extensive research has been conducted on the 
microwave absorption properties of SiBCN and its 
composites, yielding significant advances. Zhang et al. 
[16] prepared SiBCN ceramic aerogels via a 
combination of freeze-drying and polymer-derived 
ceramics (PDCs) methods, using polyborosilazane 
(PBSZ) and divinylbenzene as precursors and 
crosslinking agents, respectively, through 
hydrosilylation reaction. The SiBCN ceramic aerogel 
samples achieved a RLmin of -25.05 dB and an EAB of 
5.75 GHz at a thickness of 3 mm. This indicates that 
SiBCN inherently possesses great microwave 
absorption performance. Jiang et al. [17] conducted a 
study on the microwave absorption performance of 
C/SiC/SiBCN composites and found that combining 
C/SiC with SiBCN aerogels results in excellent 
microwave absorption performance, achieving a RLmin 
of -45.7 dB with an effective bandwidth of 5.3 GHz. 
Collectively, the aforementioned research findings 
suggest that incorporating SiBCN ceramic aerogels 
with dielectric loss materials could further improve and 
tailor the microwave absorption properties of the 
resulting composites. From a composite-design 
perspective, WDC is employed as a renewable, 
anisotropic, and hierarchically porous scaffold, while 
SiBCN aerogel serves as a lightweight dielectric phase 
grown in situ to construct a multiscale hybrid 
architecture. Accordingly, the PBSZ concentration is 
used as a practical design knob to tune SiBCN loading, 
connectivity, and potential percolation-like network 
formation within the WDC framework. Following this 
approach, integrating SiBCN ceramic aerogels with 
WDC could leverage the advantages of both of their 
unique porous architectures and holds the potential to 
yield a composite with excellent microwave absorption 
performance. However, current studies in this area 
remain limited. 

Here, we prepared WDC/SiBCN aerogel 
composites by a two-step sol-gel and heat-treatment 
method. The experimental findings indicate that 
WDC/SiBCN aerogel composites exhibited superior 
microwave absorption performance compared to WDC. 
The synthesized WDC/SiBCN aerogel composite 
possesses both the unique porous structure of WDC 
and the network structure formed by SiBCN aerogel 
particles. When the SiBCN content is 5% and the 
material thickness is 1.71 mm, RLmin reaches -46.0 dB, 
with an EAB of 3.60 GHz. Excellent microwave 
absorption performance of the WDC/SiBCN aerogel 
composites indicates broad application prospects in the 
field of renewable materials and electromagnetic 
pollution protection.	
  

2. MATERIALS AND METHODS 

2.1. Raw Materials 

PBSZ, serving as the precursor for SiBCN aerogel, 
was obtained from the Institute of Chemistry, Chinese 
Academy of Sciences. Divinylbenzene (DVB), supplied 
by Macklin in China, was used as a crosslinking agent. 
Cyclohexane and ethanol were purchased from Tianjin 
Kemiou Chemical Co. Ltd., China. All reagents and 
solvents were utilized without any further treatment. 

2.2. Preparation of WDC/SiBCN Aerogel 
Composites 

The raw wood block was placed in an argon 
atmosphere and heated at a rate of 3  °C/min to 1200  °C 
for 1 hour to obtain WDC. PBSZ and DVB were added 
to cyclohexane (in a mass ratio of 1:1), and solutions 
with precursor concentrations of 5wt.%, 10wt.%, and 
15wt.% were thoroughly stirred at room temperature for 
10 minutes to obtain homogeneous solutions. The 
three samples were designated as WDC/SiBCN-5, 
WDC/SiBCN-10, and WDC/SiBCN-15, respectively. 
The samples that did not undergo any further 
processing were named WDC. Then, WDC was 
immersed in the above solutions and placed in a 
beaker for thorough soaking. Subsequently, a 
solvothermal treatment was conducted at 120 ℃ for 20 
hours to obtain the WDC/SiBCN wet gel composite 
material. Subsequently, the composite material was 
soaked in ethanol for 5 days for solvent replacement, 
with the anhydrous ethanol being changed every 12 
hours. Then, it was dried to obtain the WDC/SiBCN dry 
gel composites. Finally, the composite was placed in 
an argon atmosphere and heated at 1000 ℃ at a 
heating rate of 3 ℃/min for 2 hours to obtain the 
WDC/SiBCN aerogel composites. The preparation 
process is illustrated schematically in Figure 1. Besides 
that, SiBCN aerogels were also fabricated using the 
same process without adding WDC. 
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2.3. Characterization and Measurement 

The crystal structure of WDC/SiBCN aerogel 
composites was systematically analyzed by using a 
German Bruker D8 ADVANCE X-ray diffractometer 
(XRD) with Cu Kα radiation ( !   =   1.54  Å ) as the 
radiation source. The morphology of the composites 
was characterized using field-emission scanning 
electron microscopy (SEM, S4800, Hitachi, Japan). 
The microwave absorption measurements involved the 
determination of the relative complex permittivity 
( ' ''r jε ε ε= − ) and complex permeability ( ' ''r jµ µ µ= − ) 
using a Vector Network Analyzer (ZNA43, Rohde & 
Schwarz) across the frequency range of 2-18 GHz. 
Samples were prepared by blending the WDC/SiBCN 
aerogel composite with paraffin wax (constituting 70 
wt.% of the mixture) at 90 °C. The resulting mixture 
was subsequently molded into hollow cylindrical 
shapes with an outer diameter of 7.00 mm and an inner 
diameter of 3.04 mm. The EMW absorption properties 
of the samples were evaluated based on their RL 
values, with the input impedance (Zin) calculated using 
the following equations. (1) and (2) [18-22].  

       (1) 

      (2) 

where Z0, Zin, ! , ! , and c denote the intrinsic 
impedance of free space, the input impedance of the 
absorber, the microwave frequency of the EMW, the 
thickness of the specimen, and the velocity of the EMW 
in free space, respectively. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of WDC/SiBCN aerogel 
composites 

Figure 2(a) presents the X-ray diffraction patterns of 
WDC/SiBCN aerogel composites with different SiBCN 

aerogel content. In these patterns, apart from two 
broad peaks corresponding to the graphite peaks at 
about 26.3° and 43.0°, no sharp crystalline peaks were 
observed. This is attributed to the (002) and (101) 
crystal planes of the amorphous carbon phase [23]. 
The results confirm that WDC and SiBCN retain their 
amorphous structure even after pyrolysis at 1200 °C 
and 1000 °C.  

In light of previous research, the graphitization 
degree of carbon - based composites significantly 
influences their microwave absorption performance [24, 
25]. To delve deeper into the carbon nanostructure, 
Raman spectroscopy was further utilized to explore the 
in situ formation of sp² carbon within the aerogel [26]. 
The D band, located at 1350 cm⁻¹, represents the 
defects existing within the carbon atomic crystal lattice. 
It reflects the absence of a well - defined structure and 
the low orientation of free carbon. The G band, 
positioned at 1580 cm⁻¹, corresponds to the stretching 
vibration within the sp² - hybridized graphite plane of 
carbon atoms, which is associated with the 
graphitization degree of the aerogel  [27]. The 
intensity ratio ID/IG of the D band and the G band serves 
as an indicator of the carbon's graphitization degree 
and the disorder of its defects [28].	
  A higher ID/IG ratio 
indicates lower graphitization degree and greater 
structural disorder. The Raman spectroscopy data 
were processed by curve fitting using Gaussian 
functions [29], where the ID/IG ratio was calculated 
based on the integrated area of the corresponding 
peaks [30]. As depicted in the Figure 2(b), the ID/IG 

value of WDC/SiBCN-5 is 1.842, for WDC/SiBCN-10, it 
is 1.861; and for WDC/SiBCN-15, the ID/IG value is 
1.836.	
  The close agreement among these three values 
indicates comparable graphitization degrees between 
the samples, which is primarily attributed to their 
identical thermal treatment conditions. This also 
indicates that the all samples contain a high proportion 
of disordered carbon than sp²-hybridized carbon, with 
low graphitization degree, consequently demonstrating 

 

Figure 1: Preparation steps of WDC/SiBCN aerogel composites. 
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high defect density. According to previous research, 
defects can act as polarization centers and dissipate 
more energy, leading to stronger absorption 
performance [31]. This implies that a higher defect 
content is beneficial for improving absorption 
performance. However, the number of defects is not 
the sole determinant of absorption properties [32], and 
other influencing factors will be analyzed in the 
following sections. 

The morphologies and microstructures of WDC and 
WDC/SiBCN are shown in Figure 3. Figure 3(a) reveals 
the WDC framework after 1200 °C thermal treatment, 
exhibiting a regularly arranged porous architecture. 
Figure 3b enables a more detailed observation of the 
details of the pore structure. It can be seen that the 
inner surface of the pores is uneven. This unique 
structure provides possible growth sites for SiBCN 
aerogel particles. 

Figure 3c-h present the microstructural 
characteristics of WDC/SiBCN aerogel composite. It 

can be clearly observed that the pristine WDC surface 
is relatively smooth and flat, showing no obvious 
particulate features. After introducing the SiBCN 
aerogel phase, numerous fine particles emerge and 
progressively decorate the WDC surface, confirming 
that SiBCN aerogel particles have successfully 
adhered to and grown on the carbon scaffold. Notably, 
as the PBSZ concentration is gradually increased, the 
introduced amount of SiBCN correspondingly rises, 
leading to a steady increase in the surface coverage 
and particle density on WDC. This evolution directly 
reshapes the composite architecture: at low PBSZ 
concentrations, the SiBCN phase appears mainly as 
sparsely distributed particles anchored on the WDC 
walls which form a nascent aerogel network; at 
intermediate concentrations, the particle population 
becomes denser and begins to form locally 
interconnected clusters; and at a PBSZ concentration 
of 15 wt%, a more continuous and clearly discernible 
three-dimensional, particle-assembled network 
develops across the WDC surface, partially spanning 

 

Figure 2: (a) XRD patterns of WDC/SiBCN aerogel composites; (b) Raman spectra of WDC/SiBCN aerogel composites. 

 

Figure 3: SEM images of WDC and WDC/SiBCN aerogel composites; (a, b) WDC; (c, d) WDC/SiBCN-5;(e, f) 
WDC/SiBCN-10;(g, h) WDC/SiBCN-15. 
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pore openings and bridging adjacent regions. 
Meanwhile, the agglomeration of SiBCN aerogel 
particles becomes increasingly prominent with 
increasing PBSZ concentration, and inter-agglomerate 
connections composed of SiBCN particles gradually 
form between neighboring agglomerates, giving rise to 
a hierarchical architecture. Overall, varying the SiBCN 
loading drives a transition from a smooth WDC surface 
to a particulate-decorated surface and ultimately to an 
interconnected 3D SiBCN network, thereby providing a 
tunable composite microstructure for subsequent 
structure–property correlations. 

More specifically, some SiBCN particles in the 
images Figure 3d and f exhibit an apparent stacked 
three-dimensional network (as highlighted by the blue 
box). In contrast, near the wood cell-wall region, the 
surface appears noticeably rougher and more uneven 
than that of WDC, suggesting the presence of a thin 
SiBCN ceramic-aerogel particle layer, which likely 
serves as the basal layer of the 3D network (as 
indicated by the yellow box). This layer shows no 
obvious interfacial gaps with the WDC substrate. A 
similar feature is also observed from the 
parallel-direction view of the wood sidewall in Figure S1. 
Therefore, we preliminarily consider it plausible that 
interfacial bonding may exist between WDC and the 
SiBCN aerogel. These structural transitions collectively 
validate effective SiBCN immobilization on WDC 
substrates. 

3.2. Microwave Absorption Properties of 
WDC/SiBCN Aerogel Composites 

In the field of microwave absorption, the RL value 
serves as the most commonly used and crucial 
parameter for evaluating the microwave absorption 
ability of materials  [33]. When the RL value is less 
than -10 dB, it indicates that the material can efficiently 
absorb at least 90% of the incident microwave energy 
[34]. 

In addition, the frequency range covered by RL < 
-10 dB is defined as the EAB. This parameter plays a 
crucial role in comprehensively evaluating the 
microwave absorption performance of materials [35]. It 
is worth noting that for microwave-absorbing materials 
of different thicknesses, due to differences in their 
internal microstructure, electromagnetic parameters, 
etc., the corresponding EAB values usually vary [36].  

The three-dimensional (3D) and two-dimensional 
(2D) RL curves of WDC are displayed in Figure 4a and 
4b, respectively. It is noteworthy that WDC exhibits a 
RLmin of merely -10.38 dB at a thickness of 4.72 mm, 
with an EAB of only 0.32 GHz. These results 
unequivocally demonstrate that WDC possesses rather 

limited microwave absorption capability and fails to 
achieve efficient microwave absorption performance. 

 

Figure 4: RL images and curves of WDC and WDC/SiBCN 
aerogel composites at different frequencies; (a, b) WDC; (c, 
d) WDC/SiBCN-5; (e, f) WDC/SiBCN-10; (g, h) 
WDC/SiBCN-15. 

In sharp contrast, the 3D and 2D RL images of 
WDC/SiBCN aerogel composites with different 
precursor contents are shown in Figure 4c - h. In these 
images, the boundary of RL = -10 dB is clearly marked 
with a black line. It can be found that the RL values of 
aerogels with different precursor contents show 
significant differences. 

The WDC/SiBCN-5 composite exhibits the RLmin of 
-46.0 dB at a thickness of 1.71 mm, with an EAB of 
3.60 GHz. In comparison, WDC/SiBCN-10 and 
WDC/SiBCN-15 achieve RLmin values of -18.1dB (EAB 
= 2.00 GHz) at 1.06 mm and -6.2 dB at 0.86 mm, 
respectively. Based on the aforementioned 
observations, it is evident that pristine WDC is not 
suitable for direct use as an absorbing material. Upon 
the introduction of SiBCN, the absorption performance 
of the samples initially increases and subsequently 
decreases with the increasing SiBCN content. This 
indicates that precise control of the SiBCN content is 
essential to optimize the absorption properties and 
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achieve a composite material with superior absorbing 
characteristics. Meanwhile, compared with the pure 
SiBCN aerogel, which exhibits a minimum reflection 
loss of -29 dB and an effective absorption bandwidth of 
4.52 GHz (Figure S2 (a) and (b)), WDC/SiBCN-5 
shows advantage in microwave absorption 
performance. 

To investigate the underlying mechanism of the 
observed phenomenon, the complex electromagnetic 
parameters of the composite materials were studied. 
Specifically, the complex permittivity εr (εr = ε′ - jε′′) and 
complex permeability µr (µr = µ′ - jµ′′) which play a 
crucial role in determining microwave absorption 
performance. Typically, SiBCN aerogel and carbon are 
considered as dielectric materials and contain no 
magnetic components  [31]; Therefore, the influence 
of magnetic loss is not considered in this study [37]. 
Consequently, the microwave absorption capability of 
the composite is likely dominated by dielectric loss 
mechanisms (including polarization relaxation and 
conductive loss) rather than magnetic loss [38]. 

The real (ε') and imaginary (ε") parts of the complex 
permittivity of the composites were systematically 
analyzed, which respectively characterize the 
electromagnetic energy storage capacity and loss 
characteristics of the materials [39]. As shown in Figure 
5a-b, with the SiBCN aerogel content increasing from 0 
wt.% to 15 wt.%, the ε' values of WDC/SiBCN 

composites exhibited significant growth, with numerical 
ranges as follows: WDC (4.47-9.75), WDC/SiBCN-5 
(10.28-15.75), WDC/SiBCN-10 (15.62-21.29), and 
WDC/SiBCN-15 (21.31-30.99). The corresponding ε" 
values followed the same trend, with numerical ranges 
of 0.48-2.16, 2.82-5.06, 6.37-10.27, and 17.63-21.67, 
respectively. This phenomenon clearly demonstrates 
that the dielectric properties of the composites can be 
effectively modulated by controlling the doping 
concentration of SiBCN aerogel [40]. 

Notably, all samples exhibited typical frequency 
dispersion characteristics within the 2-18 GHz test 
band, with both the real (ε') and imaginary (ε") parts of 
complex permittivity generally show an overall 
downward trends as frequency increased. This 
dielectric behavior might originates from the response 
characteristics of polarization relaxation mechanisms 
under high-frequency electromagnetic fields: when the 
external field frequency exceeds the characteristic 
frequency of the material's internal polarization 
relaxation, relaxation processes such as interfacial 
polarization and dipole orientation polarization cannot 
fully follow the alternating electric field variations due to 
response lag, leading to reduced effective permittivity 
[41, 42 ].  

Figure 5c presents the dielectric loss tangents 
(tanδε = ε′′/ε′) of WDC and WDC/SiBCN composites. 
The tanδε values of WDC range from 0.1 to 0.22, while 

 

Figure 5: EM parameters and indicators of the prepared composites: (a) ε′;(b) ε′′;(c) tanδε ; and (d) attenuation constant. 
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those of WDC/SiBCN-5, WDC/SiBCN-10, and 
WDC/SiBCN-15 are in the ranges of 0.27−0.44, 
0.40−0.58, and 0.69−0.82, respectively. Systematic 
characterizations show that with the increase of SiBCN 
doping concentration (0−15 wt.%), the tanδε values 
exhibit a significant increasing trend. This phenomenon 
indicates that the incorporation of SiBCN effectively 
enhances the dielectric loss capability of the composite 
system, among which the WDC/SiBCN-15 composite 
demonstrates the most excellent microwave energy 
dissipation properties, this might because the 
introduction of most SiBCN aerogel particles in all the 
samples. 

To quantitatively evaluate the microwave 
attenuation performance of the materials, the 
attenuation constant (α) of the samples was calculated 
based on transmission line theory using Eq. (5)  [43]. 
As a core parameter characterizing the microwave 
attenuation capability of the materials, the variation of 
this parameter directly reflects the attenuation 
efficiency of the composites towards incident 
microwaves. Figure 5d presents the 
frequency-dependent attenuation constant distribution 
of WDC and WDC/SiBCN composites obtained through 
theoretical calculations. Quantitative analysis reveals a 
clear gradient increase in α values with increasing 
SiBCN content:	
  The α values of WDC range from 14 to 
43, those of WDC/SiBCN-5 range from 26 to 124, 
those of WDC/SiBCN-10 range from 45 to 317, and 
those of WDC/SiBCN-15 range from 77 to 671. The 
WDC/SiBCN-15 composite exhibits the highest α 
values across the entire test frequency range (2-18 
GHz), while WDC shows the lowest values. This trend 
demonstrates excellent agreement with the previously 
analyzed dielectric loss tangent (tanδε) results, further 
confirming the superior microwave attenuation 
characteristics of composites with higher SiBCN 
content. 

'' '' ' ' '' '' ' ' 2 '' '' ' ' 22 ( ) ( ) ( )
c
fπ

α µ ε µ ε µ ε µ ε µ ε µ ε= × − + − + +
 (3) 

Notably, the analysis of the attenuation constant 
indicates that the SiBCN-15 sample exhibits the 
strongest dissipation capability for incident microwaves. 
However, this sample does not demonstrate the best 
overall absorption performance. This is because the 
absorption performance of the material is not solely 
determined by the attenuation constant but is also 
influenced by impedance matching. The impedance 
matching parameter reflects the amount of 
electromagnetic energy that can enter the material 
when the waves propagate to the material's surface  
[44, 45].  

Impedance matching serves as a critical metric for 
evaluating the microwave coupling efficiency in 
microwave-absorbing materials, fundamentally 
reflecting the wave impedance compatibility between 
the material and free space. Based on transmission 
line theory, this property can be quantitatively 
characterized by the normalized impedance parameter 
Z = |Zin/Z0| [46]. Theoretical analysis confirms that 
when Z near to 1, the material achieves optimal 
impedance matching. Particularly When Z = 1, the 
impedance of the absorbing material is completely 
matched with the air, and the microwave can be 
transmitted to the completely without being reflected 
[47]. 

As shown in Figure 6, this study systematically 
investigates the impedance matching characteristics by 
constructing a two-dimensional thickness-frequency 
distribution map. The contour lines at Z =0.8 and Z =1.2 
are specifically highlighted. According to microwave 
transmission theory [48], the region bounded by these 
thresholds (0.8≤Z≤1.2) is defined as the effective 
impedance matching zone [40]. Materials within this 
zone demonstrate efficient microwave coupling at 
corresponding frequency ranges and thickness 
parameters, providing crucial guidance for the 
optimized design of microwave absorbers  [49]. 

Analysis of impedance matching characteristics 
(Figure 6) reveals significant composition-dependent 
variations in the WDC/SiBCN aerogel composite 
system: The pristine WDC sample exhibits bimodal 
distribution within the normalized impedance matching 
range (0.8≤Z≤1.2), demonstrating two distinct 
high-matching regions. Notably, both WDC/SiBCN-10 
and WDC/SiBCN-15 composites show constrained 
effective matching zones (0.8≤Z≤1.2), with Z-values 
persistently below 0.8 across the entire 2-18 GHz test 
spectrum, displaying characteristic broadband 
impedance mismatch behavior. Comparatively, 
WDC/SiBCN-5 demonstrates optimal impedance 
matching performance, which indicates that introducing 
more SiBCN particles is not necessarily beneficial. This 
composition-dependent evolution of impedance 
matching properties provides critical experimental 
evidence for establishing the structure-property 
relationship between SiBCN content and microwave 
transmission efficiency in the composite system. In 
addition, as shown in Figure S2(c), the 
impedance-matching behavior of the pure SiBCN 
aerogel is inferior to that of WDC/SiBCN-5. This 
relatively improved impedance matching of 
WDC/SiBCN-5 may also indirectly account for the 
difference in their minimum reflection loss values. 
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Particularly noteworthy is that when the 
WDC/SiBCN-5 sample achieves its RLmin of -46.0 dB at 
14.08 GHz with a matching thickness of 1.71 mm, its 
normalized impedance value Z ≈ 1. Although WDC 
exhibits good impedance matching, its ability to 
attenuate microwaves is relatively weak. This is mainly 
due to its low α value and low tanδε resulting in poor 
overall absorption performance. When the 
concentration of PBSZ was increased to 10% and 15%, 
the introduction content of SiBCN aerogel particles 
significantly increased, effectively enhancing its 
microwave attenuation capability. However, it also 
caused a deterioration in the overall impedance 
matching of the composite, thus limiting their 
microwave absorption performance. However, 
WDC/SiBCN-5 maintains good impedance matching 
while also possessing high attenuation capability (a 
larger α and tanδε value). This means it can effectively 
absorb the microwave energy that enters the material. 
Therefore, by combining the results of impedance Z, 
attenuation coefficient α, and tanδε, WDC/SiBCN-5 
demonstrates the best absorption performance, as 
evidenced by the RLmin, whereas the other materials 
show higher RL values due to less favorable 
parameters. 

In addition, the wave absorption performance of 
WDC was compared with other similar materials, 
mainly including SiBCN or composites based on 

wood-derived carbon. Compared to the data listed in 
Figure 7 and Table S1, it can be observed that 
WDC/SiBCN-5 achieves better performance in RLmin 
(-46.0 dB) and EAB (3.60 GHz) than other similar 
materials. 

The possible microwave absorption mechanisms of 
WDC/SiBCN aerogel composites can be divided into 
three parts: Firstly, dipolar polarization is possibly one 
of the main absorption mechanisms of this material. 
Under alternating electromagnetic fields, the 
heterogeneous interfaces between the SiBCN ceramic 
phase and the carbon phase generate numerous 
dipole moments. These dipole moments undergo 
continuous orientation polarization in the GHz 
frequency range, effectively converting electromagnetic 
energy into thermal energy  [56]. Secondly, multiple 
reflection in hierarchical porous structure may also 
significantly contribute to the absorption performance. 
The hierarchical porous structure of the composite 
promotes extensive scattering and reflection of incident 
microwaves, prolonging the propagation path of 
microwaves within the material and creating additional 
phase cancellation opportunities, thereby enhancing 
the overall dissipation efficiency  [57]. Thirdly, good 
impedance matching is possibly a key factor in the 
excellent absorption performance of the material. By 
integrating the effects of interfacial polarization, 
conductive dissipation, and structural effects, the 

 
Figure 6: Z of the prepared composites:(a) WDC;(b) WDC/SiBCN-5;(c) WDC/SiBCN-10;(d) WDC/SiBCN-15. 
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WDC/SiBCN aerogel composite achieves good 
impedance matching, leading to superior microwave 
absorption performance in the 2-18 GHz frequency 
range  [58]. In brief, the possible mechanisms and 
structure–property relationship are concluded, the 
microwave absorption behavior can be rationalized 
from the structure–property relationship intrinsic to the 
WDC/SiBCN composite design. The rationale of 
constructing this hybrid lies in synergistically integrating 
the hierarchically porous, anisotropic wood-derived 
carbon scaffold with the lightweight SiBCN aerogel 
particulates, thereby coupling multiple dissipation 
pathways within a unified architecture. At a moderate 
SiBCN content, the aerogel particles are well dispersed 
on/within the porous carbon framework, which 
increases the density of heterogeneous interfaces and 
polarization centers, enhances dielectric attenuation, 
and simultaneously preserves an open and continuous 
pore network. Such a microstructure not only facilitates 
impedance matching by avoiding an excessively high 
effective permittivity, but also provides abundant 
internal reflection/scattering paths and an extended 
propagation length for incident microwaves, enabling 
more efficient energy dissipation. In contrast, excessive 
SiBCN incorporation promotes particle agglomeration 
and partial pore blockage, which reduces the 
accessible pore volume and disrupts the hierarchical 
transport pathways. Meanwhile, the effective 
permittivity tends to rise and the impedance matching 
deteriorates, leading to increased surface reflection 
and a shortened effective travel distance within the 
absorber; consequently, the overall absorption 
performance is compromised [56-58]. These possible 
absorption mechanisms work together to explain the 

exceptional performance of WDC/SiBCN aerogel 
composites across a wide frequency band. 
CONCLUSION 

In this study, a novel WDC/SiBCN aerogel 
composite which were designed for fully exploiting the 
unique microstructural advantages of both materials 
and thereby achieve superior performance was 
successfully fabricated through a three-step process 
involving wood carbonization, sol-gel method, and 
thermal treatment. This work provides a 
composite-design strategy that integrates a 
hierarchically porous, anisotropic carbon scaffold with a 
lightweight ceramic aerogel phase, enabling deliberate 
tuning of composite architecture via the PBSZ 
concentration which might preserve an open pore 
network and favorable impedance matching. 
Systematic investigations demonstrate that the 
incorporation of SiBCN nanoparticles significantly 
enhances the electromagnetic loss capability of the 
composite system. Remarkably, the sample with 5wt.% 
SiBCN doping exhibits optimal absorption performance, 
achieving a RLmin of -46.0 dB at an ultra-thin matching 
thickness of merely 1.71 mm, with a corresponding 
EAB of 3.60 GHz. These good microwave absorption 
properties might be related to the composite 
architecture combining multi-scale porosity, abundant 
heterogeneous interfaces, and controllable network 
formation. Based on its excellent overall performance 
and sustainable raw material sources, the WDC/SiBCN 
composite shows certain potential for application in the 
development of next-generation renewable microwave 
absorbing materials. Finally, mechanical robustness, 
structural stability, and the percolation behavior are 

 

Figure 7: Comparison of microwave absorption ability for WDC/SiBCN-5 with other similar materials. 
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also critical for practical applications and will be 
systematically examined in our future work.” 
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