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ABSTRACT: SiBCN ceramic aerogels have emerged as a new generation of
integrated thermal insulation and microwave absorption materials but face
great  challenges  in  terms  of  mechanical  properties,  high-temperature
stability,  and  absorption  bandwidth  in  practical  applications.  Herein,
SiBCN/SiOC composite ceramic aerogels were prepared by solvent thermal
crosslinking,  freeze-drying,  and  pyrolysis  of  precursors.
Polyhydromethylsiloxane (PHMS) was introduced in situ by the hydrosilane
addition  reaction  during  the  solvothermal  process,  which  endowed  the
precursor  aerogel  with  a  complex  and  robust  three-dimensional  network
structure and further  resulted in a  260% improvement in the compressive
strength  of  the  SiBCN/SiOC  composite  aerogel  compared  with  that  of  the
pure SiBCN aerogel. Additional investigations revealed that the SiBCN/SiOC composite aerogel enjoyed a low thermal conductivity
(0.044–0.051  W·m−1·K−1)  and  a  light  weight  (0.13–0.16  g·cm−3),  which  was  favorable  for  thermal  barrier  material.  Notably,  the
SiBCN/SiOC composite aerogel exhibited excellent microwave absorption performance with an effective absorption bandwidth of
6.7 GHz and a reflection loss of −43.89 dB at a thickness of 2.5 mm due to improved impedance matching, multiple reflections, and
enhanced interfacial polarization. Furthermore, the introduction of SiOC significantly inhibited the crystallization of SiBCN at high
temperatures.  After  heat  treatment  at  1600  °С,  the  composite  aerogel  retained  its  amorphous  nanoparticle  pearl-chain-like
structure,  with thermal conductivity remaining as low as 0.052 W·m−1·K−1.  The in situ introduction of PHMS provided novel insight
and a  promising strategy for  enhancing the overall  performance of  SiBCN ceramic  aerogels,  expanding their  application in  high-
temperature environments.
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1    Introduction
The development of hypersonic vehicles, facilitated by progress in
aerospace  technology,  has  created  an  urgent  need  for
multifunctional  thermal  insulation  materials,  such  as  thermal
insulation  and  electromagnetic  wave  (EMW)  absorption
integrated materials [1]. Ceramic aerogels [2], as high-temperature
insulating  materials  with  a  nanoscale  three-dimensional  porous
network  structure,  show  significant  application  prospects  in
extreme  environmental  thermal  protection  systems  due  to  their
low  density,  high-temperature  resistance,  and  low  thermal
conductivity [3−5]. Although conventional oxide ceramic aerogels
exhibit low density and ultralow thermal conductivity [6−8], they
tend  to  undergo  phase  transformation,  crystallization,  and
sintering  at  elevated  temperatures  [9].  These  factors  lead  to

structural  collapse  and a  significant  decline  in  thermal  insulation
performance  [10].  Meanwhile,  carbon  aerogels  are  highly
susceptible to oxidation and are oxidized in an oxygen-containing
environment  above  400  °C  [11].  Consequently,  recent  research
has  increasingly  focused  on  non-oxide  ceramic  aerogels  such  as
SiC  [12,13],  Si3N4 [14−16],  SiCN  [17,18],  and  SiBCN  [19−21].
Non-oxide  ceramic  aerogels  demonstrate  favorable  properties,
including  low  density,  low  thermal  conductivity,  and  excellent
ultrahigh  temperature  stability,  making  them  suitable  for
thermal protection applications at temperatures over 1600 °C [22].
Among  these  non-oxide  ceramic  aerogels,  the  SiBCN  ceramic
aerogel  derived  from  polyborosilane  (PSNB)  precursors  exhibits
lower  density  (0.042–0.22  g·cm−3),  higher  specific  surface  area
(66.2–850  m2·g−1),  and  lower  thermal  conductivity  (0.025– 
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0.082  W·m−1·K−1)  owing  to  their  ultrahigh  porosity  and  unique
nanoporous  structure  and  is  expected  to  be  used  as  a  high-
temperature insulating material above 1600 °C [23,24].

Unlike  SiBCN  dense  ceramics  [25],  the  preparation  of  SiBCN
ceramic  aerogels  requires  the  introduction  of  divinylbenzene
(DVB) as a crosslinking agent to form a stable gel structure [26].
However,  this  approach  results  in  an  excessively  high  content  of
free  carbon  within  the  SiBCN  aerogel  [27].  At  elevated
temperatures,  the  excessive  free  carbon  makes  SiC  crystals  more
prone  to  precipitation  [28],  leading  to  the  destruction  of  the
aerogel  skeleton.  As  a  result,  the  high-temperature  structural
stability of the SiBCN aerogel was severely affected. Meanwhile, a
strong  correlation  has  been  established  between  SiBCN  ceramic
aerogel  and  its  organic  precursor  gel  in  terms  of  structural
characteristics and mechanical properties. The limited number of
silicon  hydrogenation  reaction  sites  in  PSNB  results  in  a  low
degree of solvent thermal crosslinking, which in turn leads to the
relatively  weak  mechanical  strength  of  the  SiBCN  aerogel
nanoskeleton  [29].  Therefore,  appropriate  strategies  should  be
implemented  to  enhance  the  crosslinking  degree  of  the  gel
network  while  simultaneously  reducing  the  free  carbon  content.
Polyhydromethylsiloxane  (PHMS)  contains  more  silane  reaction
sites  than  PSNB.  These  groups  exhibit  higher  reactivity,
promoting  a  wider  range  of  solvent  thermal  crosslinking  [30].
Meanwhile,  the in  situ introduction  of  SiOC  can  enhance
interfacial  polarization  and  optimize  impedance  matching,
thereby  improving  the  EMW  absorption  performance  of  SiBCN
ceramic aerogels [31,32]. In addition, during the high-temperature
thermal  treatment  process,  oxygen  in  SiOC  will  react  with  free
carbon,  which  inhibits  the  crystallization  of  amorphous  SiBCN.
Therefore,  the  synthesis  of  SiBCN/SiOC  composite  ceramic
aerogels  is  expected  to  achieve  a  synergistic  improvement  in  the
EMW  absorption  performance,  high-temperature  stability,  and
mechanical  strength  of  SiBCN-based  aerogels  while  maintaining
their  inherent  advantages,  such  as  low  density  and  low  thermal
conductivity.

Here,  to  improve  the  mechanical  strength  and  EMW
absorption capacity of SiBCN ceramic aerogels, as well as address
the  issue  of  high-temperature  crystallization  and  improve  the
thermal  stability,  SiBCN/SiOC  composite  ceramic  aerogels  were
synthesized  through  solvothermal  synthesis,  freeze-drying,  and
thermal  treatment  processes.  The  morphology  and  properties  of
the SiBCN/SiOC ceramic aerogel were regulated by adjusting the
SiOC content via variation of the initial PSNB to PHMS ratio. As
a  result,  the  compressive  strength  of  the  SiBCN/SiOC  ceramic
aerogel significantly increased by 260%, with the specific strength
rising  from  1256  to  3756  N·m·kg−1.  The  EMW  absorption
performance  of  the  ceramic  aerogel  was  also  significantly
improved  after  the  introduction  of  SiOC,  with  the  optimal
reflection  loss  (RL)  reaching −55.39  dB  and  the  effective
absorption bandwidth (EAB) expanding to 6.7 GHz. Furthermore,
the  composite  aerogel  exhibited  excellent  structural  stability  at
temperatures  up  to  1600  °С  under  an  inert  atmosphere.  This
study  offers  valuable  insights  into  the  development  of
multifunctional  ceramic  aerogels  that  combine  low  density,
excellent  EMW  absorption  performance,  high  mechanical
strength,  superior  high-temperature  structural  stability,  and
outstanding thermal insulation performance.

2    Experimental methods

2.1    Materials
PSNB  was  supplied  by  the  Institute  of  Chemistry,  Chinese

Academy  of  Sciences.  PHMS  was  obtained  from  Shanghai
Macklin  Biochemical  Technology  Co.,  Ltd.  DVB  was  obtained
from  Shanghai  Aladdin  Biochemical  Technology  Co.,  Ltd.
Hexane,  cyclohexane,  and  xylene  were  obtained  from  Tianjin
Kermel  Chemical  Reagent  Co.,  Ltd.  Karstedt  catalyst  solution
(2 wt% Pt) was obtained from Rhawn Chemical Reagent Co., Ltd.
The Pt catalyst was diluted in xylene prior to use with a platinum
content  of  0.1  wt%.  All  the  chemicals  were  analytical-grade  and
used as received.

2.2    Preparation of SiBCN/SiOC ceramic aerogels
The  precursor  solution  was  obtained  by  dissolving  PSNB  and
PHMS  in  hexane  (90  vol%)  and  stirring  for  20  min  with  mass
ratios of SiBCN to SiOC of 1 : 0.25, 1 : 0.5, 1 : 0.75, and 1 : 1. The
corresponding  samples  were  labeled  SSA0.25,  SSA0.5,  SSA0.75,
and  SSA1.  The  amount  of  DVB  added  was  equal  to  the  total
weight  of  the  PSNB  and  PHMS.  Subsequently,  200  μL  of  Pt
catalyst  solution  (0.1  wt%)  was  added,  followed  by  stirring  for
15  min.  The  homogeneous  solution  was  then  transferred  into  a
hydrothermal vessel (200 mL) and heated in an oven at 160 °С for
20  h.  Upon  cooling,  the  wet  gels  were  transferred  into  beakers
filled with cyclohexane, and solvent exchange was performed once
daily  for  2–3  d.  Thereafter,  the  wet  gels  were  freeze-dried  at
−50  °С  for  48  h  to  produce  the  precursor  xerogel.  Finally,
SiBCN/SiOC composite ceramic aerogels  (SSAs) were formed by
thermal  treatment  at  1200  °С  for  2  h  under  a  flowing  argon
atmosphere.  In  addition,  pure  SiBCN  aerogels  (SAs)  were
prepared  using  only  PSNB  for  comparison.  The  preparation
process of SAs was basically the same as that of SSAs except that
no PHMS was added.

2.3    Characterization methods
The densities of the SSA and SA were calculated according to the
mass  and  dimension  of  the  samples.  The  chemical  structures  of
the preceramic aerogels and SSAs were characterized by a Fourier
transform  infrared  spectrometer  (FT-IR;  Nicolet  instrument,
USA). The morphology of the aerogel was observed by a scanning
electron  microscope  (SEM;  TDCLS-S4800,  Japan).  The  pore
structures  of  the  aerogel  samples  were  obtained  by  using  a
nitrogen  adsorption–desorption  analyzer  (ASAP  2460  aperture
analyzer, Micromeritics, USA). The chemical states of the aerogel
samples were analyzed using an X-ray photoelectron spectrometer
(XPS;  ESCALAB-Xi,  Thermo  Fisher,  USA).  The  thermal
conductivity  of  the  SA  and  SSA  at  room  temperature  was
investigated  by  the  hot-disk  method  using  a  thermal  constant
analyzer  (TPS2500S,  Hot  Disk,  Sweden)  on  samples  with
dimensions  of  10  mm  ×  10  mm  ×  20  mm.  The  compressive
strength  of  SAs  and  SSAs  was  investigated  using  an  electronic
universal  testing  machine  (LD24.204,  Lishi  (Shanghai)  Scientific
Instruments  Co.,  Ltd,  China)  on  samples  with  dimensions  of
10  mm  ×  10  mm  ×  12  mm.  The  relative  complex  permeability
and  permittivity  of  the  aerogels  were  gauged  through  a  vector
network  analyzer  (N5234A,  Agilent  Technologies  Inc.,  USA)
using  the  coaxial  line  method.  For  sample  preparation,  the
aerogels  were  evenly  mixed  with  paraffin  wax  at  an  80%  weight
proportion  of  paraffin  and  formed  into  a  ring  with  an  inner
diameter of 3 mm and an outer diameter of 7 mm. According to
the transmission line theory, the reflection loss of the material can
be calculated based on the measured data of the relative complex
permeability and permittivity. To investigate the effect of siloxane
incorporation  on  the  high-temperature  thermal  stability  of
composite  aerogels,  the  obtained  SSA0.5  sample  was  annealed  at
1600  °С  in  argon  for  60  min,  and  the  microstructure,
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composition, and thermal conductivity of the heat-treated sample
were further characterized.

3    Results and discussion
As illustrated  in Fig.  1,  SSAs  were  prepared  from PSNB,  PHMS,
and  DVB  through  solvothermal  and  freeze-drying,  followed  by
pyrolysis.  The  content  of  SiOC  in  SSAs  could  be  effectively
regulated  by  changing  the  initial  ratio  of  PSNB and  PHMS.  The
formation  of  the  precursor  gel  network,  namely,  gelation,  was
fundamentally  attributed  to  the  hydrosilylation  reaction  [21].
During  the  solvothermal  process,  Si–H  bonds  in
polymethylhydrosiloxane  and  polyborosilazane  reacted  with  the
C=C bonds from the crosslinking agent divinylbenzene, as shown
in Fig.  2,  to  form  a  stable  three-dimensional  gel  network
connected by Si–C bonds [30,33]. The reaction chemically bonded
the two precursors at the molecular scale and in situ transformed
them  into  a  nanoparticle  composite  ceramic  aerogel  with  an

amorphous phase after the subsequent 1200 °C pyrolysis process.
Due  to  the  presence  of  a  large  amount  of  unreacted  organic
solvents  in  the  wet  gel  and  the  freezing  point  of  n-hexane  being
−95  °С,  solvent  replacement  was  necessary  [34].  Here,
cyclohexane  with  a  higher  freezing  point  was  used  instead  of
hexane  in  the  wet  gel,  and  then  freeze-drying  was  carried  out.
Finally, SSAs were obtained after heat treatment at 1200 °С for 2 h
in a flowing argon atmosphere.

The  chemical  structures  of  the  composite  aerogels  were
characterized by FT-IR spectroscopy, and the results are shown in
Figs. 3(a) and 3(b). The FT-IR spectra of all the precursor aerogels
of SSAs are shown in Fig. 3(a). The absorption peaks at 1080 and
1260  cm−1 were  assigned  to  the  Si–O–Si  and  Si–CH3 groups  of
PHMS. The absorption peak centered at 1602 cm−1 was ascribed to
the  stretching  vibrations  of  C=C  bonds  in  DVB.  The  band
between 1350 and 1450 cm−1 was attributed to the B–N bonds in
PSNB,  while  the  peak  at  2920  cm−1 originated  from  the  C–H
bonds in both DVB and PHMS. The absorption peak at 2150 cm−1

 

Fig. 1    Schematic diagram of preparation process of SiBCN/SiOC ceramic aerogel.

 

Fig. 2    Possible reactions during synthesis of precursor aerogel.
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was  attributed  to  the  stretching  vibration  of  the –Si–H bonds  in
PHMS and PSNB.  Meanwhile,  the  absorption peak at  1049 cm−1

was caused by the vibration of the Si–CH2CH2– bonds formed by
the  reaction  of  the  Si–H  groups  of  PSNB  and  PHMS  with  the
–CH=CH2 groups of DVB, proving that the hydrosilane addition
reaction  occurred  [21,30].  The  infrared  spectra  of  the  composite
ceramic  aerogels  after  heat  treatment  are  shown  in Fig.  3(b).
Compared with Fig. 3(a), the vibration peaks of –CH3 bonds and
–Si–H  bonds  completely  disappeared.  Furthermore,  the  original
peak of the Si–O–Si bonds at 1045 cm−1 became strong and wide,
and  a  weak  peak  belonging  to  the  Si–C  bonds  appeared  at  584
cm−1.  These  phenomena  indicated  the  transformation  of  the
aerogel  from an organic  structure  to  an  inorganic  structure  [35].
The  absorption peak  centered at  1630 cm−1 was  attributed to  the
tensile vibration of the C=C bonds in free carbon. The absorption
peak  that  occurred  at  1384  cm−1 was  caused  by  the  stretching
vibration of the B–N bonds. The formation of Si–O–Si bonds and
Si–C  bonds  was  conducive  to  improving  the  thermal  stability  of
the  composite  ceramic  aerogels.  The  XRD  patterns  of  all  SSA
samples  are  shown  in Fig.  3(c).  Obvious  broad  and  diffuse
scattering  peaks  could  be  observed,  which  indicated  that  the
aerogels synthesized at 1200 °С were all amorphous. The ceramic
yield of the composite aerogels increased from 45.86% for SSA0.25
to  51.94%  for  SSA1.  The  reason  was  that  the  ceramic  yield  of
PHMS was higher  than that  of  PSNB [30].  Combining the XRD
patterns and FT-IR spectra, it could be inferred that the SSA was
mainly  composed  of  uniformly  distributed  SiBCN  and  SiOC
amorphous nanophases.

The  microstructure  images  of  SAs  and  SSAs  are  shown  in

Figs.  3(d)–3(i).  The results  showed that  when PHMS was added,
the particle size of the aerogel was smaller than that of the SA, and
the  microscopic  three-dimensional  network  structure  was  more
stable.  The  elemental  mapping  images  revealed  the  uniform
distribution of Si, C, O, N, and B in SSA0.5, as illustrated in Fig. S1
in  the  Electronic  Supplementary  Material  (ESM),  indicating  the
homogeneous  dispersion  of  SiOC  within  the  SSA.  To  further
explore  the  pore  structure  features  of  the  aerogels,  the  N2
adsorption–desorption  behavior  of  all  samples  was  evaluated.
Figures  4(a)  and 4(b)  illustrate  the  hysteresis  loops  and pore  size
distributions  of  all  the  samples.  According  to  the  IUPAC
classification,  all  curves  showed  type  IV  isotherms  with  H3
hysteresis  loops  (Fig.  4(a)).  These  results  meant  that  all  samples
presented similar pore structures. The hysteresis loops of capillary
condensation  at  high  relative  pressure  indicated  that  the
synthesized  aerogels  contained  macropores  in  addition  to
mesopores  [21].  These  results  were  consistent  with  the  SEM
observation  results.  Therefore,  as  shown  in Fig.  4(b),  all  aerogel
samples  had  a  hierarchical  porous  structure  with  pore  diameters
mostly  ranging  between  10  and  70  nm.  The  corresponding  pore
structure  parameters  of  all  samples  are  listed  in Table  1.  The
average  aperture  of  SSA0.5  was  the  smallest  by  comparison.  It
should  be  mentioned  that  with  increasing  SiOC  content,  the
Brunauer–Emmett–Teller (BET) surface area showed a gradually
increasing  trend  [30].  Compared  with  the  SA,  the  BET  surface
area  of  SSA0.5  increased  from  56.39  to  116.18  m2∙g−1.  The
improvement was attributed to the introduction of PHMS, which
partially  replaced PSNB in the solvothermal crosslinking process.
Moreover,  the  molecular  chains  of  PHMS  contained  a  higher

 

Fig. 3    FT-IR spectra of aerogel: (a) aerogel before pyrolysis and (b) SSA; (c) XRD patterns of SSA; SEM images of aerogels prepared with different ratios of SiBCN and
SiOC: (d) SA, (e) SSA0.25, (f) SSA0.5, (g) SSA0.75, and (h, i) SSA1.
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density  of  Si–H  bonds  than  those  in  PSNB,  leading  to  a  more
robust  and  extensive  crosslinked  network.  A  better  degree  of
solvent-thermal  crosslinking  could  be  obtained.  The  aerogel
skeleton particles with a three-dimensional nanonetwork structure
were  uniformly  dispersed,  thereby  making  the  microstructure
distribution  of  SSAs  more  uniform.  The  TEM  characterization
showed  that  the  aerogel  particles  consist  of  an  amorphous
SiBCN/SiOC  nanophase  and  free  carbon  (Fig.  5).  The  aerogel
particles  displayed  typical  amorphous  traits,  as  indicated  by  the
selected area electron diffraction (SAED) pattern inset in Fig. 5(b).
At  the  same  time,  compared  with  the  TEM  image  of  the  SA
(Fig.  S2  in  the  ESM),  it  was  found  that  there  were  more
heterogeneous interfaces in the SSA0.5 sample.  As a result  of  the
in situ introduced SiOC, multiple heterogeneous interfaces among
amorphous  SiBCN,  free  carbon,  and  amorphous  SiOC  were
constructed,  which  augmented  the  interface  and  dielectric
polarization  loss  and  consequently  enhanced  the  EMW
absorption performance [32,36].

To  clarify  the  shrinkage  behavior  of  aerogels  during  the
organic–inorganic  transformation,  the  linear  shrinkage  rates  of
various  aerogels  before  and  after  pyrolysis  at  1200  °C  were
measured,  as  shown  in Fig.  6(a).  The  results  indicated  that  the
average  linear  shrinkage  rates  of  all  samples  after  heat  treatment
were  approximately  32%,  with  no  significant  variation  observed.

The  incorporation  of  SiOC was  found to  have  a  negligible  effect
on the shrinkage behavior of the aerogels under high-temperature
pyrolysis.  The  density  of  the  aerogels  showed  a  slight  increasing
trend,  rising  from  0.12  to  0.16  g·cm−3 with  increasing  SiOC
content,  as  shown  in Fig.  6(b).  Under  the  condition  of  constant
linear  shrinkage,  the  rise  in  ceramic  yield  led  to  an  increase  in
mass per unit volume, thereby resulting in higher density. Despite
the modest density increase, SSA0.5 can still be readily positioned
on  the  top  of  a  stamen,  as  demonstrated  in Fig.  1.  The
compressive  strengths  of  SSAs  and  SAs  are  shown  in Fig.  6(b).
The  introduction  of  SiOC  increased  the  compressive  strength  of
the  aerogel  from  0.147  to  0.507  MPa.  The  compressive
stress–strain curves of all the samples are shown in Fig. 6(c). From
the results, the compressive strength of all the samples increased to
the  maximum  value  with  increasing  strain  and  then  dropped
sharply, indicating the brittleness of the ceramic aerogels. With the
increase  in  the  SiOC  ratio,  the  compressive  strength  of  SSAs
gradually  increased  and  then  decreased,  reaching  the  maximum
value  of  0.507  MPa  at  SSA0.5.  The  introduction  of  SiOC
effectively  enhanced  the  mechanical  strength  of  the  SiBCN
ceramic  aerogel.  From  the  perspective  of  chemical  reactions,  the
addition  of  PHMS  made  the  composite  gel  network  structure

 

Fig. 4    (a, b) Nitrogen adsorption–desorption curves and pore size distributions of aerogel samples.

 

Table 1    Pore structure features of aerogel samples

Sample BET surface area
(m2·g−1)

Pore volume
(cm3·g−1)

Average pore diameter
(nm)

SA 56.39 0.185 13.13
SSA0.25 75.09 0.231 12.31
SSA0.5 116.18 0.343 11.81

SSA0.75 100.62 0.326 12.96
SSA1 112.15 0.334 12.04

 

Fig. 5    (a, b) TEM and SAED images of SiBCN/SiOC aerogel (SSA0.5).

 

Fig. 6    (a)  Thermal  treatment  linear  shrinkage  rate  of  aerogel  samples;  (b)  densities  and  average  compressive  strength  of  aerogel  samples;  (c)  typical  compression
stress–strain curves of aerogel samples.
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more  stable.  A  tighter  network  structure  at  the  molecular  scale
enhanced  the  mechanical  properties  of  the  aerogels  [37,38].  On
the other hand, the ceramic yield of SiOC was higher than that of
SiBCN  [30],  so  the  increase  in  solid  content  also  enhanced  the
compressive  strength  of  SSAs.  Additionally,  from Fig.  3(f),  the
network  structure  of  SSA0.5  was  more  complex.  The  three-
dimensional  networks  of  nanoparticles  supported  each  other,
which improved the mechanical properties of the SSA0.5 sample.

The  thermal  conductivity  of  the  material  is  a  critical  property
for  thermal  insulation  in  aircraft  applications,  serving  as  a  key
parameter  in  determining  its  practical  viability.  As  shown  in
Fig. 7(a), a fresh flower was directly placed on an aluminum plate
heated by  the  flame of  an alcohol  burner.  After  being heated for
90 s, the flower was severely charred. To prove the heat insulation
performance  of  the  SSA,  SSA0.5  was  placed  between  the
aluminum  plate  and  the  flower  as  an  example.  Despite  being

heated for 90 s, the flower remained intact (Fig. 7(b)). The results
indicated  that  SSAs  exhibited  excellent  thermal  insulation
performance  and  showed  great  potential  for  thermal  insulation
applications. The thermal infrared images of SSA0.5 on the heated
aluminum plate of the alcohol burner are shown in Fig. 7(c). After
heating  for  90  s,  the  top  surface  of  SSA0.5  remained  at  room
temperature,  while  heat  continued  to  accumulate  at  the  bottom.
Meanwhile,  as  shown  in Fig.  7(d),  the  thermal  conductivity  of
the SA was 0.0441 W·m−1·K−1.  With increasing SiOC content,  the
thermal  conductivity  of  the  composite  ceramic  aerogels
exhibited a slight increase. When the ratio of SiBCN to SiOC was
1  :  0.5,  the  thermal  conductivity  of  the  composite  aerogel  was
0.0458  W·m−1·K−1.  Compared  with  SAs,  the  thermal  conductivity
of SSAs increased by only 0.0017 W∙m−1∙K−1, while the compressive
strength  was  increased  by  264%.  On the  premise  of  maintaining
the inherent heat insulation performance of granular aerogel,  the

 

Fig. 7    Thermal insulation properties: (a) flower placed on an aluminum plate and heated with an alcohol burner; (b) heat with an alcohol burner after putting SSA0.5
between the  flower  and  aluminum plate;  (c)  thermographic  images  of  SSA0.5  during  heating  with  an  alcohol  burner;  (d)  thermal  conductivity  of  aerogel  samples;
(e) thermal transport pathways inside SSAs.

9221256-6 Wang J, Li Y, Cao J, et al.

J Adv Ceram 2026, 15(3): 9221256
 



mechanical properties of the composite aerogel were significantly
improved. Based on the above analysis, it was necessary to control
the content of the introduced SiOC to achieve the comprehensive
performance required by SSAs in practical applications.

A  schematic  diagram  of  the  heat  transfer  mechanism  of  the
SSA is shown in Fig. 7(e). The effective total thermal conductivity
(λt)  can  be  expressed  as  the  sum  of  the  radiant  thermal
conductivity  (λr),  the gas  thermal  conductivity  (λg),  and the solid
thermal conductivity (λs) by Eq. (1) [39,40]:

λt = λr + λg + λs (1)

The  radiant  thermal  conductivity  was  very  weak  at  room
temperature and could be ignored. Therefore,  the λt of  SSAs was
mainly determined by λg and λs. As mentioned above, the average
pore  size  of  SSAs  was  mainly  distributed  within  the  range  of
10–60  nm.  The  pore  size  of  SSAs  was  relatively  small  compared
with the average free path of gas molecules in air (approximately
70  nm).  Because  the  characteristics  of  this  pore  structure  greatly
reduced  the  collision  probability  between  gas  molecules, λg was
significantly  inhibited  [41]. λs was  mainly  caused  by  phonon
transfer,  and  the  main  influencing  factors  of λs were  solid
composition and volume density. The numerous interfaces within
SSAs  had  an  inhibitory  effect  on  phonon  transfer  and  led  to  an
aerogel  with a low λs [42].  Furthermore,  the “infinitely long path
effect” caused  by  the  3D  nanonetwork  structure  of  SSAs
significantly  reduced λs.  As  a  result,  SSAs  exhibited  low λt and
excellent  adiabatic  properties.  Overall,  the  outstanding  heat
insulation performance of SSAs made ceramic aerogels promising
for application in extreme environments.

To measure the electromagnetic wave absorbing capability, the
prepared  aerogels  were  uniformly  blended  with  paraffin  to
fabricate circular samples with inner and outer diameters of 3 and
7  mm,  respectively.  The  microwave  dissipation  performance  is
characterized by RL, which is calculated using Eqs. (2) and (3) [43]:

Zin =

√
μr

εr
tanh

(
j2πfdc

√
μrεr

)
(2)

RL = 20log
∣∣∣∣Zin − 1
Zin + 1

∣∣∣∣ (3)

where Zin denotes the input impedance of the absorber, εr and μr
represent  the  relative  complex  permittivity  and  permeability, f
indicates  the  frequency  of  the  incident  wave, c is  the  velocity  of
microwave  propagation,  and d refers  to  the  thickness  of  the
material.  It  is  important  to  note  that  lower  RL  values  indicate
superior EMW absorption performance. Specifically, when the RL
is  below −10  dB,  over  90%  of  the  incident  EMW  can  be
attenuated,  and  the  corresponding  frequency  range  can  be
referred to as the EAB [44].

The RL curves of SA and SSA samples with varying thicknesses
are  summarized  in Fig.  8(a).  It  was  apparent  that  all  aerogel
samples  exhibit  excellent  microwave  absorption  performance
within  specific  frequency  ranges  at  certain  thicknesses.  In  detail,
the  RLmin value  of  SA  was  just −31.75  dB  with  a  matching
thickness  of  7.3  mm.  The  RLmin values  of  SSA0.25,  SSA0.5,
SSA0.75,  and  SSA1  reached −46.85, −45.74, −55.39,  and
−50.52  dB,  corresponding  to  thicknesses  of  9.6,  2.9,  8.1,  and
7.2  mm,  respectively.  From  the  results,  the  RLmin value  of  SSAs
was significantly lower than that of SAs, and the minimum RLmin
value  was  reduced  to −55.39  dB.  Meanwhile,  we  evaluated  the
reflection loss of all samples within the thinner thickness range of
1–5 mm (Fig. S3 in the ESM) and found that the SSA0.5 sample

exhibited superior electromagnetic wave absorption performance.
The enhancement can be primarily attributed to the graphitization
of free carbon and the incorporation of an appropriate amount of
SiOC  phase.  The  multiphase  components  and  microporous–
mesoporous  multilevel  pore  structure  in  SSA0.5  enhanced  the
interfacial  polarization  and  promoted  multiple  scattering  of
electromagnetic  waves,  thereby  significantly  improving  the
dielectric loss capability of the composite aerogel [45].

As is  well  known,  the electromagnetic  parameters  of  materials
are crucial to their microwave absorption capability [46]. To reveal
the  EMW  absorption  mechanism  in  detail,  the  electromagnetic
parameters  of  SAs  and  SSAs  were  systematically  investigated.
Generally, the EMW absorption capability is primarily affected by
εr (εr = ε' − jε'') and μr (μr = μ' − jμ'')  [21,47]. Given that SAs and
SSAs  exhibit  negligible  magnetic  properties,  only  dielectric  loss
was  considered  in  this  study.  The ε' and ε'' for  SAs  and  SSAs
across different frequencies are illustrated in Figs. 8(b) and 8(c). It
was evident that both the ε' and ε'' values of all samples decreased
with  increasing  frequency,  which  was  a  typical  manifestation  of
frequency dispersion [48]. Among all the ε' values of the samples,
it was striking that the ε' of SSA0.5 increased to 9.68–4.64. For ε'',
the  values  of  SSA0.5  increased  to  5.97–2.22.  It  has  been  widely
recognized  that ε' and ε''' refer  to  the  storage  and  attenuation
capabilities of EMW. Compared with the pure SiBCN aerogel, the
in  situ introduction  of  SiOC  created  abundant  heterogeneous
interfaces  among  SiBCN,  SiOC,  and  free  carbon,  significantly
enhanced  interfacial  polarization  and  thus  elevated  both  the  real
and imaginary parts of the permittivity. In the SSA0.5 sample, the
three  phases  were  uniformly  dispersed,  which  maximized  the
heterogeneous  interface  area  and  thereby  led  to  pronounced
interfacial polarization and increased permittivity.

From Figs. 8(b) and 8(c), both the ε′  line and the ε″  line show
an  obvious  fluctuation  as  the  frequency  increases  from  2  to
18 GHz.  This  was  primarily  attributed to  the  different  relaxation
times  of  various  polarization  mechanisms  within  the  composite
aerogel.  Different  polarizations  were  successively  activated  or
reached  their  peak  at  different  frequency  bands,  resulting  in
fluctuations  in  the  complex  permittivity  of  the  samples.  In  the
electromagnetic  field,  the  dipole  polarization  resulting  from  the
reorientation of polar bonds (such as Si–O, Si–N, and Si–C, etc.)
and structural defects (e.g., dangling bonds) in composite aerogels
gives  rise  to  loss  peaks  at  different  frequencies.  Significant
variations in the dielectric  constant at  different frequencies  could
be  induced  by  various  types  of  interfacial  polarization,  including
that at the interface between graphitic carbon and the amorphous
matrix,  between  neighboring  nanoparticles,  and  between
nanoparticles and pores within the composite aerogel.  Moreover,
the  combination  of  conductive  loss  from  the  graphitic  carbon
network  and  the  aforementioned  relaxation  mechanisms  led  to
more  pronounced  frequency-dependent  fluctuations  in  the
dielectric  constant.  The  enhanced  interfacial  polarization  and
multiple  reflection  effects,  facilitated  by  the  appropriate  dielectric
constant and the in situ incorporation of SiOC, contribute to the
superior  EMW  absorption  performance  of  SSA0.5. Figure  8(d)
displays the dielectric loss tangent (tanδε = ε''ε') of the SA and SSA
samples.  Several  distinct  resonance  peaks  were  observed,  which
should be attributed to dipole polarization phenomena [48].

The  detailed  polarization  loss  of  SAs  and  SSAs  during
microwave  energy  loss  was  further  investigated  through  the
analysis of Cole–Cole semicircular patterns (Figs. 8(e)–8(i)). Based
on  the  Debye  theory,  each  semicircle  represents  a  relaxation
process and can be expressed as Eq. (4) [49,50]:
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(
ε′ − εs + ε∞

2

)2
+ (ε′′)2 =

( εs − ε∞
2

)2
(4)

where ε∞ and εs denote the dielectric constant at infinite frequency
and  the  static  dielectric  constant,  respectively.  The  Cole–Cole
curves of all  samples showed multiple semicircular curves,  which
reflected the complexity of the polarization relaxation mechanism
within the aerogel material and indicated that there were multiple
Debye  relaxation processes  within  the  aerogels.  Both  the  SA and
SSA samples  contained  the  coexistence  of  interfacial  polarization
relaxation  and  dipole  polarization  relaxation,  which  led  to  the
formation  of  the  Cole–Cole  semicircle.  This  phenomenon  could
be  attributed  to  the  gradual  enhancement  of  interfacial
polarization  resulting  from  the  numerous  heterogeneous
interfaces in SSAs and the dipole polarization induced by internal
defects with the in situ introduction of SiOC [51].

The  attenuation  constant  (α)  and  impedance  matching
coefficient  (Z)  of  the  absorbers  are  two  critical  elements
influencing  the  microwave  absorption  performance  of  aerogel
materials [52]. The impedance matching characteristics reflect the
relationship  between  the  input  impedance  and  the  free  space
impedance,  which can be  calculated  by Z =  |Zin/Z0|.  When Zin is
equal to or close to Z0, it indicates that more EMW energy is able
to enter the absorber, while the reflection value from the surface is
almost  zero  [32].  The α value  reflects  the  EMW  energy
attenuation ability, which can be calculated by Eq. (5) [21]:

α =

√
2πf
c

√
μ′′ε′′ − μ′ε′ +

√
(μ′′ε′′ − μ′ε′)2 + (μ′ε′′ + μ′′ε′)2

(5)
The  calculated α values  of  the  SA  and  SSA  at  various

frequencies are presented in Fig. 9(a). The results showed that the
α values  of  both  SAs  and  SSAs  increased  across  the  tested
frequency range, suggesting that the absorber exhibited enhanced
EMW  attenuation  performance  at  higher  frequencies.  Notably,
the α values of all SSA samples have steadily increased, and the α
value  of  SSA0.5  has  the  largest  increase,  reaching  a  maximum
value of 205.8. Figure 9(b) illustrates the calculated Z values for all
samples. The greater the difference between the Z value and 1, the
worse  the  impedance  matching  of  the  absorbing  material  was.
Remarkably,  the Z value  of  the  SSA0.5  sample  approaches  1,
which  indicated  that  appropriate  regulation  of  the  content  of
SiOC  in  SSAs  could  substantially  improve  the  impedance
matching  characteristics  of  the  SSA.  It  was  the  optimized
impedance  matching  that  enabled  SSA0.5  to  exhibit  stronger
EMW absorption capability, which was consistent with the actual
tested EMW absorption results described above.

As  illustrated  in Fig.  10(a),  SSA0.5  exhibited  an  RLmin of
−45.74  dB  and  an  EAB  of  6.7  GHz  with  a  thickness  of  2.5  mm.
The  EAB  of  the  sample  can  cover  the  entire  Ku  band.  The
relationships  among  the  RLmin,  EAB,  and  sample  thickness  of
SSA0.5  are  shown  in Figs.  10(b)  and 10(c).  SSA0.5  mainly
consisted  of  an  amorphous  SiBCN  matrix, in  situ introduced

 

Fig. 8    (a) RL of all aerogel samples with varying thickness; complex permittivity of all aerogel samples: (b) real part and (c) imaginary part; (d) dielectric loss; Cole–Cole
semicircle curves of all samples: (e) SA, (f) SSA0.25, (g) SSA0.5, (h) SSA0.75, and (i) SSA1.
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SiOC,  and  free  carbon,  which  have  been  confirmed  through
microstructural analyses. The EMW absorption mechanism of the
SSA  is  depicted  in Fig.  10(d).  The  outstanding  electromagnetic
wave  absorption  performance  of  the  SiBCN/SiOC  composite
ceramic  aerogel  prepared  in  this  work  was  attributed  to  the
synergistic  effect  of  the constructed multilevel  pore structure and
multiphase  components.  The  microporous–mesoporous
multilevel  pore  structure  of  the  composite  aerogel  significantly
extended  the  electromagnetic  wave  propagation  path  through
multiple  reflections  and  scatters,  which  effectively  enhanced
electromagnetic  wave  absorption  [53,54].  Interfacial  polarization,
also  known  as  space  charge  polarization,  is  essentially  a
phenomenon of charge accumulation that occurs at the interfaces
of  different  phases  and  components  within  heterogeneous
composite  materials  [55,56].  For  the  SiBCN/SiOC  composite
aerogel,  interfacial  polarization  stemmed  from  three  main
interfaces:  the  interface  between  the  graphitic  carbon  and  the
amorphous SiBCN or SiOC matrix, the contact interface between
neighboring  nanoparticles,  and  the  interface  between  the  aerogel
particles  and  their  pores.  Interfacial  polarization  was  one  of  the
primary  reasons  for  electromagnetic  wave  absorption  of  the
SiBCN/SiOC  composite  aerogels.  The  dipole  polarization  caused
by the  significant  differences  in  electronegativity  among Si,  B,  C,
N, and O also contributed to polarization loss [32,57]. Meanwhile,
the numerous defects existing under the high specific surface area

further  increased  the  polarization  sites  [58],  while  the  porous
structure itself  effectively  regulated the overall  dielectric  constant,
optimized impedance matching, and ensured high incidence and
dissipation of electromagnetic waves.

To  study  the  thermal  stability  of  the  SA  and  SSA0.5,  two
samples  were  heat  treated  at  1600  °С  for  60  min  in  argon.  The
microstructures  of  the  SA  and  SSA0.5  samples  after  heat
treatment are shown in Fig. 11. A large number of SiC nanowires
were  observed  within  the  heat-treated  SA  sample,  while  the
SSA0.5  sample  maintained  the  original  aerogel  structure  without
any SiC nanowires.  The density, thermal insulation performance,
and  mechanical  properties  of  the  aerogels  after  heat  treatment
were  further  measured  and  compared  with  those  of  the  as-
prepared aerogels  (Table  2).  After  heat  treatment at  1600 °С,  the
aerogels  still  maintained  their  original  bulk  shape  without  any
cracks.  The  linear  shrinkage  rate  of  the  sample  after  heat
treatment  was  only  approximately  10%,  and  the  density  of  the
heat-treated aerogels remained at 0.08–0.1 g·cm−3, all slightly lower
than the density of the as-prepared aerogel. After heat treatment at
1600 °С, the thermal conductivity was basically equal to that of the
prepared aerogel, as shown in Table 2. These results indicated that
SSA0.5 had good thermal stability under treatment at 1600 °С in
argon.

The  XRD  characterization  of  the  SA  and  SSA0.5  after  heat
treatment in argon at 1600 °С for 60 min is  shown in Fig.  12(a).

 

Fig. 9    (a) Attenuation constant and (b) impedance matching of all aerogel samples.

 

Fig. 10    EMW absorption performance and enhancement mechanism: (a) RL of SSA0.5 with varying thickness; (b) 3D absorption image of SSA0.5; (c) two-dimensional
(2D) absorption image of SSA0.5; (d) EMW absorption mechanism of SSA0.5.
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Many  obvious  crystalline  peaks  appeared  in  the  SA  after  heat
treatment at 1600 °С. These peaks indicated that crystalline phases
precipitated  in  the  aerogel.  Among  them,  the  crystal  diffraction

peaks detected at 2θ = 71.8°, 60.0°, and 35.6° corresponded to the
diffraction  peaks  of  (311),  (220),  and  (111)  of β-SiC  (JCPDS
29-1129),  respectively.  Weak  crystal  peaks  of  SiC  also  appeared
after  SSA0.5  was  heat  treated  at  1600  °С,  but  their  intensity  was
significantly lower than that of the SA sample. At the same time, a
relatively wide diffraction peak still existed within the 2θ range of
15°–30°, indicating its amorphous state.

The  Raman  spectra  were  applied  to  analyze  the  state  of  free
carbon in the SA and SSA0.5 samples. As Fig. 12(b) shows, there
were  two  major  peaks  in  the  Raman  spectra.  The  D  peak
(~1350 cm−1) represented the disorder level of the free carbon, and
the  G  peak  (~1580  cm−1)  reflected  the  order  degree  of  the  free
carbon.  After  heat  treatment,  the  full-width-at-half-maximum
(FWHM)  of  the  G  peaks  decreased,  and  the  position  of  the  G
peaks  shifted  to  a  higher  wavenumber,  indicating  that  the  free
carbon in  the  SA and SSA0.5  both  underwent  the  graphitization
process. However, the size of the sp2-carbon clusters in SSA0.5 was
smaller  than that  in  SA (Table  S1  in  the  ESM),  which illustrated
that the free carbon in SSA0.5 was further consumed and that the
growth  of  free  carbon in  SSA0.5  was  inhibited  [59].  XPS  spectra
were used to compare the chemical bonding of the SSA0.5 and SA

 

Fig. 11    SEM images of aerogel after thermal treatment at 1600 °С for 60 min in
argon: (a, b) SA sample; (c, d) SSA0.5 sample.

 

Table 2    Density, linear shrinkage, and thermal conductivity of SA and SSA0.5 after thermal treatment at 1600 °С for 60 min in argon

Sample Atmosphere Temperature (°С) Time (min) Linear shrinkage (%) Density (g·cm−3) Thermal conductivity (W·m−1·K−1)
SA — — — — 0.117 0.044±0.001

SSA0.5 — — — — 0.135 0.046±0.002
SA Ar 1600 60 10.3 0.081 0.048±0.001

SSA0.5 Ar 1600 60 9.9 0.095 0.052±0.003

 

Fig. 12    (a) XRD patterns of SA and SSA0.5 samples after thermal treatment at 1600 °С for 60 min in argon; (b) Raman spectra of SA and SSA0.5 before and after
thermal treatment at 1600 °С; XPS spectra of (c) C 1s and (d) Si 2p of SSA0.5 and SA samples after thermal treatment at 1600 °С for 60 min in argon.
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after  thermal  treatment  at  1600  °С.  The  C  1s  XPS  spectra
(Fig. 12(c)) showed that the C–C bond at 284.8 eV, C–O bond at
285.6 eV, and C–Si bond at 283.3 eV were the main structures in
the aerogels [60]. There were three major peaks in the Si 2p XPS
spectra  (Fig.  12(d)),  including  the  Si–O  bond  at  104  eV,  Si–N
bond at 103.1 eV, and Si–C bond at 102.2 eV, and the Si–C peak
in SA was  much higher  than that  in  SSA0.5  [61],  indicating that
more SiC chemical bonds were formed in the SA sample.

The  evolution  of  chemical  bonds  in  SA  and  SSA0.5  samples
after  heat  treatment  was  also  revealed  by  XPS  analysis,  and  the
results are shown in Fig. 12, Fig. S4, and Tables S2 and S3 in the
ESM. For both aerogels,  the content of all  the oxygen-containing
chemical bonds decreased except the C=O and C–O bonds, which
were related to the release of SiO, B2O3, and oxynitride at 1600 °C.
The C=O bond was attributed to the adsorbed CO2 from the air
during the test. Due to the low oxygen partial pressure in an argon
atmosphere,  SiO  was  formed,  released  to  the  pores  in  aerogels,
and partly reacted with the free carbon, finally causing an increase
in  the  content  of  C–O  and  C–Si  bonds  (Table  S2  in  the  ESM).
Compared with the SA sample, the increase in the C–O bond and
the  decrease  in  the  C–C  bond  in  the  SSA  were  greater,  and  the
content  of  the  C–Si  bond  in  SSAs  was  lower.  These  results

indicated  that  the  oxygen  in  SiOC  reacted  with  the  free  carbon,
thereby preventing the precipitation of SiC nanowires and finally
maintaining the original aerogel structure of SSAs at 1600 °C.

As summarized in Table 3, the SiBCN/SiOC composite aerogel
prepared  by  the in  situ introduction  of  PHMS  via  a
silicon–hydrogen  addition  reaction  during  the  solvothermal
process  demonstrated  integrated  multifunctional  properties
(efficient  electromagnetic  wave  absorption,  robust  mechanical
strength,  excellent  high-temperature  stability,  and  superior
thermal  insulation  performance).  The  higher  number  of
hydrosilylation sites in PHMS endowed the precursor gel network
with  an  increased  crosslinking  density,  which  subsequently
resulted  in  a  robust  skeleton  of  the  SiBCN/SiOC  composite
aerogel.  The in  situ introduction  of  SiOC  not  only  effectively
optimized  the  impedance  matching  of  the  composite  but  also
created abundant heterogeneous interfaces among the amorphous
matrix  and  free  carbon,  which  significantly  enhanced  the
electromagnetic  wave  absorption  of  the  composite  aerogel.
Moreover,  at  an  elevated  temperature  of  1600  °C,  the in  situ
reaction between SiOC and free carbon effectively suppressed the
formation of SiC nanowires, thus enhancing the high-temperature
structural stability of the SiBCN/SiOC composite aerogel.

 
 

Table 3    Performance comparison between SiBCN/SiOC composite aerogel in this work and similar ceramic aerogels reported in recent literature

SiBCN related aerogel Mechanical strength
(MPa)

Thermal conductivity
(W·m−1·K−1)

Density
(g·cm−3)

RLmin
(dB)

EAB
(GHz)

Thickness
(mm)

Temperature resistance
(°C) Ref.

SiBCN aerogels — — — −29.29 3.15 2.2 1400 [62]
SiOC aerogels 1.010 0.070 0.180 — — — [63]
SiCN aerogels — 0.046 0.190 — — 1500 [64]

SiOCN aerogels — 0.035 0.210 −31.60 3.85 1.2 — [65]
SiBCN/SiC/C aerogel 0.480 0.049 0.116 −45.70 3.80 2.8 — [26]

SiOC fiber aerogel 0.167 0.044 0.128 — — — [66]
SiBCN/SiCnw aerogel — 0.052 0.142 −50.10 6.40 2.0 — [21]
rGO/SiBCN aerogel 0.056 0.057 0.070 — — 1200 [61]

This work 0.510 0.046 0.135 −43.89 6.70 2.5 1600

 
4    Conclusions
In  conclusion,  a  new  type  of  SiBCN/SiOC  amorphous  ceramic
aerogel  was  successfully  synthesized  through  solvothermal
synthesis,  freeze-drying,  and  heat  treatment  processes.  The
content  of  SiOC  in  the  composite  aerogel  could  be  adjusted  by
changing the initial ratio of PSNB and PHMS, thereby regulating
the morphology and properties of the resulting composite aerogel.
The density of the SSA sample was 0.135 g·cm−3,  and the thermal
conductivity  was  0.046  W·m−1·K−1.  Meanwhile,  SSAs  exhibited  a
compressive  strength  of  0.51  MPa,  which  was  260% higher  than
that of SAs (0.14 MPa) due to the more stable three-dimensional
network.  The  microwave  absorption  performance  of  the
composite aerogel was dramatically improved with an RL value of
−43.89 dB and an EABmax value of  6.7  GHz at  a  thickness  of  2.5
mm, which was attributed to the optimized impedance matching
and enhanced interfacial polarization, as well as the multireflection
effect.  In  addition,  the  SiBCN/SiOC  composite  aerogel  exhibited
excellent  high-temperature  structural  stability  up  to  1600  °С.
Overall,  due  to  its  lightweight  structure,  robust  mechanical
strength,  excellent  microwave  absorption,  outstanding  thermal
insulation  performance,  and  high-temperature  stability,  the  SSA
shows  broad  application  prospects  in  the  aerospace  and  high-
temperature electromagnetic stealth fields.
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