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Abstract: Polymer-derived ceramics (PDCs) strategy shows a great deal of advantages for the 
fabrication of advanced ceramics. Organosilicon polymers facilitate the shaping process and different 
silicon-based ceramics with controllable components can be fabricated by modifying organosilicon 
polymers or adding fillers. It is worth noting that silicate ceramics can also be fabricated from 
organosilicon polymers by the introduction of active fillers, which could react with the produced silica 
during pyrolysis. The organosilicon polymer-derived ceramics show many unique properties, which 
have attracted many attentions in various fields. This review summarizes the typical organosilicon 
polymers and the processing of organosilicon polymers to fabricate silicon-based ceramics, especially 
highlights the three-dimensional (3D) printing technique for shaping the organosilicon polymer- 
derived ceramics, which makes the possibility to fabricate silicon-based ceramics with complex 
structure. More importantly, the recent studies on fabricating typical non-oxide and silicate ceramics 
derived from organosilicon polymers and their biomedical applications are highlighted. 
Keywords: polymer-derived ceramics (PDCs); organosilicon polymers; 3D printing; silicon-based ceramics 

 

1  Introduction 

Silicon-based ceramics including non-oxide ceramics, 
such as silicon carbide (SiC) [1–3], silicon oxycarbide 
(SiOC) [4,5], silicon nitride (Si3N4) [6–8], and their 
derivatives (SiCN, SiAlON, etc.) [9,10] are being 
utilized in a wide range of applications owing to their 
heat resistance, chemical stability, excellent mechanical 
properties or electric properties, etc. On the other hand, 
as another type of silicon-based ceramics, silicate 
ceramics also have been applied as dielectric ceramics 
[11] and bioceramics [12,13]. A variety of studies have 
demonstrated the fabrication processes of silicon-based 
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ceramics including the preparation of raw materials,  
shaping, porosity making as well as sintering. However, 
traditional fabrication methods to silicon-based ceramics 
including solid state reaction and sol–gel method, are 
either high-energy consumption or difficult in processing 
and shaping. For instance, industrial SiC is fabricated 
by the solid state reaction between petroleum coke and 
SiO2 at 2000 ℃ [2]. Silicon powder reacts with N2 to 
form α-Si3N4 and β-Si3N4 under a reducing atmosphere 
beyond 1400 ℃ [14]. Sol–gel method decreases the 
energy consumption, but still does not facilitate the 
shaping process [15]. 

Organosilicon polymers have been successfully 
synthesized and used to fabricate silicon-based ceramics 
for more than 45 years [16–20]. Generally, the fabrication 
of organosilicon polymer-derived silicon-based ceramics 
involves the cross-linking, pyrolysis, and ceramization 
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of the organosilicon polymers. In the early 1970s, 
Si3N4/SiC ceramic fibers were successfully synthesized 
from the organosilicon polymers by Fritz and Verbeek 
et al. for the first time [21]. To date, except for binary 
silicon-based ceramics (SiC, Si3N4), ternary silicon-based 
ceramics including SiCN, SiOC as well as silicate 
ceramics have been derived from the organosilicon 
polymers [22]. Interestingly, the organosilicon polymers 
are able to act as silicon sources, which can react with 
active fillers to form silicate ceramics during pyrolysis. 
One of the most important advantages for organosilicon 
polymer-derived ceramics strategy is the possibility of 
combining the free shaping and synthesis of raw 
materials. On the other hand, the dispersity of fillers is 
much better in organosilicon polymer solution than 
that in solid systems, which benefits for diffusion and 
thereby reduces the reaction activation energy, resulting 
in the decrease of sintering temperature. 

This review summarizes the most commonly used 
organosilicon polymers for the fabrication of silicon- 
based ceramics and introduces their different synthesis 
methods briefly. To fabricate final silicon-based ceramics, 
shaping, cross-linking, pyrolysis, and ceramization of 
organosilicon polymers are also indispensable processes, 
so their influences on the final ceramics will be discussed. 
As an advanced shaping method, three-dimensional 
(3D) printing technique has been developed rapidly 
[23–26], which will be highlighted in the field of 
fabricating organosilicon polymer-derived silicon-based 

ceramics. Finally, different types of organosilicon 
polymer-derived silicon-based ceramics, including 
binary, ternary non-oxide silicon-based ceramics as well 
as silicate ceramics will be reviewed in detail. Moreover, 
the biomedical applications of these silicon-based 
ceramics will be introduced and forecasted. 

2  Organosilicon polymers 

Synthesis of organosilicon polymers is the first key 
issue for fabricating silicon-based ceramics, which greatly 
influences the final ceramic compositions, and therefore 
determines the ceramics’ properties. To fabricate 
silicon-based ceramics, the organosilicon polymers should 
possess a high molecular weight, appropriate solubility 
for shaping, and the ability for cross-linking. Different 
elements, such as silicon, carbon, nitrogen, and oxygen, 
are grafted to the silicon atoms on the backbone structure 
for the formation of different organosilicon polymers, 
such as polysilane, polycarbosilane, polysilazane, and 
polysiloxane. Also, the side chain groups grafted to silicon 
atoms and the molecular structure of the organosilicon 
polymers are important factors on final ceramics, which 
are related to the decomposition properties of organosilicon 
polymers. Here, organosilicon polymers are mainly 
divided into polysilane, polycarbosilane, polysilazane, 
polysiloxane, and their backbone structures, synthesis 
methods, and applications are summarized in Table 1. 

 
Table 1  A summary of the backbone structure, synthesis methods, and applications for the common organosilicon polymers 

Organosilicon polymer Backbone structure Synthesis methods Applications Reference 

Polysilane –R1R2Si– 

Wurtz-type coupling of halosilanes 
Anionic polymerization of masked disilenes 

Catalytic dehydrogenation of silanes 
Reduction of dichlorosilanes 

Photoresists 
Photo conductors 
Semiconductors 

Precursors for synthesis of polycarbosilane 

[27–29] 

Polycarbosilane –R1R2Si–C– 

Kumada rearrangement of polysilanes 
Ring opening polymerization 

Dehydrocoupling reaction of trimethylsilane 
Hydrosilylation of vinylhydridosilanes 

Grignard coupling reaction of (chloromethyl)- 
triethoxysilane and vinylmagnesium bromide 

Precursors for preparation of SiC 
Electric or photo conductors 

Photoresist 
Nonlinear optical materials 

[30,31, 
33,34] 

Polysilazane –R1R2Si–N= 

Ammonolysis reactions of chlorosilanes with  
ammonia or by aminolysis 

Ring opening polymerization of  
cyclic polysilanane 

Precursors for preparation  
of Si3N4 or SiCN 

Barrier for heat exchanger or  
on steel against oxidation 

[47] 

Polysiloxane –R1R2Si–O– Ring-open polymerization of cyclic silaethers 
Polycondensation of linear silanes 

Precursors for preparation of SiOC 
Medicine 

Electronics 
Textile chemistry 

[21,23,52, 
55,56] 

Polysilylcarbodiimides –R1R2Si–N=C=N– Pyridine-catalyzed polycondensation reaction of 
chlorosilanes with bis(trimethylsilylcarbodiimide) Precursors for preparation of SiCN [59] 

Polyborosilazane –R1R2Si–N(R3R4B)– Co-condensation reaction of boron trichloride, 
organodichlorosilanes, and hexamethyldisilazane Precursors for preparation of SiCBN [65] 
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2. 1  Polysilane 

Polysilane is a kind of polymer with a simple 
one-dimensional silicon backbone. Its σ conjugation is 
formed owing to the delocalization of electrons on 
silicon–silicon bonds, which endows itself with special 
optoelectronic and photoelectric properties for potential 
applications in photoresists, photoconductors, and 
semiconductors. The side chain groups and molecular 
weight of polysilane are two main factors that influence 
its properties. 

Conventional Wurtz-type coupling of halosilanes is 
the most common synthetic method to synthesize the 
homopolymeric or copolymeric polysilane. In this 
method, chlorosilanes react with sodium or lithium 
dispersion and are reduced to form polysilane in a high 
boiling point inert solvent (toluene, benzene, or 
tetrahydrofurane) under reflux. Other methods include 
the anionic polymerization of masked disilenes, the 
anionic ring-opening polymerization, the catalytic 
dehydrogenation of silanes, and the reduction of 
dichlorosilanes with magnesium (Mg) in the presence 
of Lewis acid and LiCl [27,28]. However, these methods 
often suffer from some limitations owing to the instability 
under the light or moisture condition that cause the 
difficulty for controlled synthesis [29]. 

As a preceramic polymer, polysilane has been first 
reported that polydimethylsilane could be pyrolyzed to 
form SiC fiber at 1100–1300 ℃ in 1975 [23]. During 
the heating treatment, polydimethlysliane can convert 
to be polycarbosilane at about 400 ℃, which is called 
Kumada rearrangement. To take full advantage of it, 
many studies focused on the synthesis of polycarbosilane 
from polydimethylsilane to fabricate high-performance 
SiC ceramics as well [30–32]. 

2. 2  Polycarbosilane 

The structures of polycarbosilane are complex due to 
the different forms of carbon chains in the backbone, 
such as methylene, vinylidene, phenylene, etc. So 
some kinds of polycarbosilanes possess an alternating 
arrangement o f a π-conjugated unit, which is called 
unsaturated polycarbosilane. 

There are several methods to synthesize 
polycarbosilane, and the aforementioned Kumada 
rearrangement of polysilanes is most commonly used 
that can be carried out under either high pressure or 
atmospheric pressure condition [30,31,33]. Other methods 
include ring-opening polymerization, dehydrocoupling 

reaction of trimethylsilane, hydrosilylation of 
vinylhydridosilanes, and the Grignard coupling reaction 
of (chloromethyl)triethoxysilane and vinylmagnesium 
bromide [34]. 

To date, polycarbosilane has also been widely used 
for electric or photo conductor, photoresist, and nonlinear 
optical materials, as well as preceramic precursors for 
fabricating SiC fiber, powder, whiskers, composites, and 
nanomaterials [35–38]. To investigate its relationships 
and differences with polysilane for fabricating SiC 
ceramics, a comparative study on the thermal behavior 
of some polysilanes and polycarbosilanes was carried 
out by Shukla et al. [39]. It was found that 
polydimethylsilane (PDMS) and polydimethyl- 
methylphenylsilane (PDMMPS) were suitable for 
synthesizing polycarbosilane by Kumada rearrangement. 
However, polydimethyl-methylsilane (PDMMS) could 
produce SiC directly, instead of synthesizing 
polycarbosilane due to its great cross-linking ability 
under heat treatments. For polycarbosilanes, the carbon 
yield increased with the increase of molecular weight, 
which greatly influences the quality of SiC ceramics 
[39]. 

2. 3  Polysilazane 

Polysilazane polymers, whose backbones consist of 
alternating silicon–nitrogen bonds with carbon-containing 
side groups, are always used as the precursors for 
fabricating SiCN ceramics [40–42]. The bond energy 
of silicon–nitrogen (ca. 360 kJ/mol) is smaller than that 
of silicon–oxygen and silicon–carbon, which makes the 
bond easily transform into other bonds in some chemical 
reactions, and thereby benefits for the formation of new 
compounds under certain conditions. In addition, 
polysilazane provides high thermal stability, oxidation 
resistance, and corrosion resistance, thus promoting its 
wide use as the barrier for heat exchanger or on steel 
against oxidation [43–46]. 

The reactions between chlorosilane and amine, as 
well as between silazane and butyllithium are two most 
popular strategies for synthesizing small-molecular 
silazane. So polysilazane can be synthesized by 
ammonolysis reactions of chlorosilanes with ammonia 
or by aminolysis. On the other hand, the ring-opening 
polymerization of cyclic polysilanane is another efficient 
method to synthesize polysilazane [47]. 

In the 1970s, Verbeek et al. reported the fabrication 
of SiCN ceramic fibers by melt-spinning from 
polycarbosilazanes for the first time, and the SiCN 
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ceramic fibers exhibited superior strength and elastic 
modulus compared to the SiC fibers. Also, the fabricated 
SiCN ceramic fibers showed excellent oxidation resistance 
up to 1200 ℃ [47,48]. As a carbon-free polysilazane, 
perhydridopolysilazane can be used as the precursor 
for fabricating Si3N4 ceramics [49]. Importantly, 
depending on the processing conditions of polysilazane, 
the ceramic compositions can change from binary (Si/N) 
to ternary (Si/C/N) ceramics or quaternary systems. 

2. 4  Polysiloxane 

Polysiloxane or silicone has been known for a long 
time and been used in industry as preceramic polymers, 
medicine, electronics, textile chemistry, etc. [50–52]. The 
low inter-molecular force of the silicon–oxygen–silicon 
backbone in polysiloxane makes the polymer flexible, 
resulting in low glass transition temperature. Besides, 
polysiloxane shows good resistance to high temperature 
or ozone, low surface tension and energy, as well as 
high gas permeability [53,54]. 

Two general methods including the ring-opening 
polymerization of cyclic silaethers and the polyconden-
sation of linear silanes terminated with active functional 
groups have been developed to synthesize polysiloxane 
[21]. Dimethyl-dichloro silane is often used for the 
industrial synthesis of polysiloxanes [23]. In general, 
cross-linked polysiloxane is able to achieve a higher 
ceramic yield. The highly cross-linked polysiloxane can 
be synthesized through the modification of thermal or 
irradiation-sensitive curing chain groups [52,55] or 
through a sol–gel method by hydrolysis and condensation 
of hybrid silicon alkoxides [56]. The sol–gel method 

allows for controlling compositions and introducing 
additional elements within the preceramic network by 
using metal alkoxides. With the exception of SiOC-based 
ceramics, silicate ceramics can be fabricated from 
polysiloxane by adding active fillers. As a silicon 
source, polysiloxane reacts with active fillers to form a 
desired ceramic phase at a proper temperature [18]. 

2. 5  Other organosilicon polymers 

In addition to the above common organosilicon polymers, 
many other organosilicon polymers have been developed 
and synthesized. For example, polysilylcarbodiimides, 
of which the general formula is –[R1R2Si–X]n–, where 
X is N=C=N and R groups can be hydrogen, phenyl, 
methyl, ethyl, and others, are preceramic precursors for 
fabricating SiCN-based ceramics [57,58]. Polysilyl-
carbodiimides are moisture sensitive, and can be 
synthesized by the pyridine-catalyzed polycondensation 
reaction of chlorosilanes with bis(trimethylsilylcar-
bodiimide) [59]. As another type of SiOC-based ceramic 
precursors, the hyperbranched-polycarbosiloxanes have 
been reported to improve ceramic yields [60–62]. 
Boron-containing organosilicon polymers, including 
polyborosilane, polyborosiloxane, polyborosilazane, 
and their derivatives are often used as the precursors 
for fabricating borosilicon ceramics [63–65]. Compared 
to the traditional organosilicon polymers, the addition 
of metal elements (such as zirconium, iron, etc.) on the 
backbone or side chain of preceramic polymers can 
fabricate cermet [66–70]. 

To date, many studies have demonstrated the 
development on the simple, cheaper methods to  

 

 
 

Fig. 1  Schematic illustration of silicon-based ceramics derived from the common organosilicon polymers. 
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synthesize the functionalized organosilicon polymers 
with high ceramic yield, as well as the relationships 
between the structure and properties of the final 
polymer-derived ceramics. However, the properties of 
final polymer-derived ceramics are either greatly 
determined by subsequent processes including the 
shaping, cross-linking, and sintering. 

3  Processing of organosilicon polymers 

After synthesis of organosilicon polymers, shaping, 
cross-linking, pyrolysis, and ceramization are subsequent 
processes to fabricate silicon-based ceramics (Fig. 2). 
As known, it is not easy for silicon-based ceramics to 
directly shape into a specific model due to the poor 
rheology properties of raw powders. Generally, the 
shaping of ceramics is always assisted by adding a 
certain amount of polymer binders, which are dissolved 
in an organic or aqueous solution, and will be burned 
out during sintering. Moreover, the fabrication process 
of ceramics is complicated, including the preparation 
of ceramic powders, shaping assisted by binders, and 
sintering for densification. As silicon-based preceramic 
sources, organosilicon polymers are able to shape directly 
without the preparation of ceramic powders, and a 
variety of methods can be applied for the shaping of 
organosilicon polymers, such as injection molding, 
blow molding, extrusion molding, coating, electrospinning, 
3D printing, etc. 

However, the cross-linking of organosilicon polymers 
is very important for the fabrication of silicon-based 
ceramics. The cross-linking of organosilicon polymers  

 

is usually triggered by radiation or catalysts at low 
temperature (ca. 200–500 ℃), which can not only 
improve the degrees of polymerization, but also control 
the weight loss of the precursors during the pyrolysis. 
Higher cross-linked precursors usually possess a higher 
ceramic yield. Moreover, the process of cross-linking 
is a key factor to keep the shapes during the pyrolysis 
and ceramization [71]. It should be mentioned that the 
cross-linking might not be necessary when a large 
amount of fillers are mixed with organosilicon polymers, 
because the fillers can support the matrix to maintain 
its shape. 

In general, the sintering process including heating 
rate, reaction atmosphere, reaction temperature, and 
holding time, would determine the phase composition 
and microstructure of the final ceramics. The sintering 
process of the organosilicon polymers involves the 
pyrolysis and a polymer-to-ceramic transformation from 
preceramic precursors into amorphous or crystalline 
ceramics. Different silicon-based ceramics can be 
fabricated and the compositions can be adjusted by 
choosing the organosilicon polymers. However, the 
silicon-based ceramics derived from organosilicon 
polymers often suffer from the cracks, forming pores, 
and large shrinkage. Previous studies demonstrated that 
it is possible to fabricate relatively dense and crack-free 
ceramics by adding fillers into preceramic polymers 
[72]. Interestingly, the addition of active fillers, which 
could react with precursors or reaction atmosphere, has 
been a new and efficient strategy to fabricate silicate 
ceramics [73,74]. Therefore, varieties of silicon-based 
ceramics are possible to be fabricated from organosilicon 
polymers. 

 
 

Fig. 2  Processes from organosilicon polymers to silicon-based ceramics. 
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4  3D printed organosilicon polymer-derived 
silicon-based ceramics 

3D printing is a good choice to fabricate special 
structured materials due to the precise design and 
control for the architecture and structure by computer 
aided design (CAD) and computer aided manufacturing 
(CAM) [75–82], which has been utilized in fabricating 
polymer-derived ceramics in recent years due to its 
ability to control the architecture or porous structure 
precisely. According to the different shaping principles, 
3D printing technique can be divided into six modes, 
which include modeling (FDM), stereolithography 
(SLA), selective laser sintering (SLS), powder-based 
printing (PB), inkjet printing (IP), and direct ink 
writing (DIW). Among them, SLA, PB, and DIW have 
been successfully utilized for the fabrication of 
polymer-derived ceramics, including SiC, SiOC, and 
silicate bioceramics. The organosilicon polymer-derived 
silicon-based ceramics shaped by 3D printing technique 
are summarized in Table 2. 

For example, Eckel et al. [5] fabricated SiOC ceramics 
with some complex structures by stereolithography 3D 
printing of organosilicon polymers (Fig. 3). The starting 
organosilicon polymer, mercaptopropyl-methylsiloxane, 
was mixed with vinylmethoxysi-loxane and UV 
free-radical photo initiator. After 3D printing under UV 
laser radiation, the complex structures such as corks 
crew, microlattices, and honeycomb were formed (Figs. 
3(e)–3(h)). Finally, SiOC ceramics with complex 
structures were obtained after the pyrolysis of the 
green structures at 1000 ℃ in argon. Importantly, the  

 

SiOC ceramics with a honeycomb structure showed a 
higher compressive failure strength of 163 MPa and 
the high temperature stability at 1300 ℃. Li et al. [83] 
fabricated SiBCN ceramics with complex shapes from 
organosilicon polymers by using digital light processing 
3D printing. The solution for 3D printing was prepared 
by blending polyborosilazane with photosensitive 
acrylate monomers. 405 nm light was used for shaping, 
and the green structures were sintered over 1200 ℃ to 
obtain SiBCN ceramics. Similarly, Zanchetta et al. [84], 
Fu et al. [85], and de Hazan et al. [86] also fabricated 
SiOC ceramics with complex structures by stereolitho-
graphy 3D printing. The fabrication processes involve 
the preparation of a light-sensitive organosilicon polymer 
solution, 3D printing assisted under light exposure and 
sintering to ceramics. For stereolithography 3D printing, 
organosilicon polymers decide the final ceramics’ 
component and the photosensitive agents decide the 
shaping accuracy. 

Zocca et al. [87] fabricated a Kagome structure for 
polymethylsilsesquioxanes by 3D powder-based printing, 
and the SiOC ceramics kept the original porous structure 
after the process of ceramization over 1000 ℃. The 
organosilicon polymer solution was dried, ball milled, 
and sieved. Subsequently, the treated powders were 
printed by using isopropanol as the printing liquid by a 
layer-by-layer deposition, and then the green scaffolds 
with complex structure were sintered for SiOC ceramics. 
Chen et al. [88] fabricated SiC ceramics by direct ink 
writing. A printable paste was prepared by dissolving 
polycarbosilane into N-hexane solution. Then, the 
solutions were filled in a syringe and passed as a filament  

 

Table 2  A summary of the organosilicon polymer-derived silicon-based ceramics fabricated with 3D printing technique 

3D printing type Organosilicon polymer (fillers) Derived silicon-based ceramics Structure Reference 

Stereolithography Polysiloxane SiOC Corks crew, micro-lattices, and honeycomb [5] 

Stereolithography Polyborosilazane SiBCN Hollow porous spheres, honeycomb,  
and porous scaffolds [83] 

Stereolithography Polysiloxane SiOC Micro-pore scaffolds [84,85] 

Stereolithography Polycarbosilane SiC, SiOC Gear, dodecahedron, tower, etc. [86] 

Powder-based printing Polysiloxane SiOC Kagome structure [87] 

Powder-based printing Polysiloxane (bioactive glass) CaSiO3/bioactive glass Macro-pore scaffolds [94] 

Direct ink writing Polycarbosilane SiC Macro-pore scaffolds [88] 

Direct ink writing Polysiloxane (graphene oxide) SiOC/graphene oxide Macro-pore scaffolds [89] 

Direct ink writing Polysiloxane (CaCO3) CaSiO3 Macro-pore scaffolds [73] 

Direct ink writing Polysiloxane (CaCO3, ZnO) Ca2ZnSi2O7 Macro-pore scaffolds [90,91] 

Direct ink writing Polysiloxane (CaCO3, Mg(OH)2) CaSiO3/CaMgSi2O6 Macro-pore scaffolds [93] 

Direct ink writing Polysiloxane (CaCO3) β-Ca2SiO4 Macro-pore scaffolds [183] 
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Fig. 3  Schematic illustration of 3D printing of polymer-derived ceramics. (a) UV-curable organosilicon monomers are mixed 
with photo initiator. (b) The resin is exposed with UV light in a SLA 3D printer or through a patterned mask. (c) A preceramic 
polymer part is obtained. (d) Pyrolysis converts the polymer into a ceramic. Examples: (e) SLA 3D printed corks crew. (f, g) 
SPPW formed microlattices. (h) Honeycomb. Reproduced with permission from Ref. [5], © American Association for the 
Advancement of Science 2016. 

 

 
 

Fig. 4  (a) 3D printer equipped with syringe for silicone-based ink. (b) Detail of the printing process carried out in oil bath. (c) 
Overview of a 3D-printed scaffold with orientation of the axes. Reproduced with permission from Ref. [93], © Elsevier Ltd. 
2017. (d, e) Images of 3D powder printed scaffolds. Reproduced with permission from Ref. [94], © IOP Publishing Ltd. 2015. 

 
through the nozzle to deposit a designed marco-porous 
structure (100–400 μm). Finally, black SiC with complex 
structures was obtained after cross-linking (200 ℃) 
and pyrolysis at 1400 ℃. Pierin et al. [89] successfully 
fabricated micro-sized SiOC ceramics by direct ink 
writing of organosilicon polymers. Polymethylsilses-

quioxane was dissolved into isopropyl alcohol for 3D 
printing and the rheological property was adjusted by 
adding different content of cross-linked silicone resin 
solid particles. After cross-linking and pyrolysis at 
1000 ℃ in argon, the final SiOC ceramics maintained 
the porous structure and had the compressive strength 
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of 2.5±0.97 MPa. Interestingly, the printed scaffolds 
showed a better retention of the structure upon heating 
and reduced shrinkage with less cracks by adding a 
little amount of graphene oxide (GO) flakes. 

The fabrication of organosilicon polymer-derived 
silicate ceramics by 3D printing is similar to the 
processes of fabricating SiC, SiOC, etc. The only 
difference is that raw material for silicate ceramic 
contains active fillers. Direct ink writing was first 
employed to shape organosilicon polymers with fillers 
to obtain silicate ceramics by Bernardo et al. [73]. A 
printable paste was prepared by mixing CaCO3 fillers 
into polysiloxane solution for 3D printing, and the final 
silicate ceramics were obtained after a sintering process. 
In Zocca et al.’s [90] and Elsayed et al.’s [91] works, 
porous hardystonite (Ca2ZnSi2O7) bioceramic scaffolds 
were fabricated by direct ink writing. Polysiloxane 
with little fumed silica was dissolved into isopropanol, 
and then mixed with ZnO and CaCO3 powders to 
prepare printable ink. The final hardystonite scaffolds 
possessed large porosity (> 76%) with a compressive 
strength of ca. 2.5 MPa. Moreover, Fiocco et al. [92] 
fabricated CaCO3/SiO2 composite scaffolds by direct 
ink writing. A paste composed of polysiloxane and 
CaCO3 was prepared, following cross-linking at 350 ℃ 
and sintering at 600 ℃. The fabricated CaCO3/SiO2 
scaffolds had open porosity (56%–64%) and compressive 
strength of 2.9–5.5 MPa. Elsayed et al. [93] reported 
the wollastonite/diopside composite scaffolds by direct 
ink writing. The obtained scaffolds possessed regular 
geometries, a high compressive strength (3.9–4.9 MPa), 
and a large amount of porosity (68%–76%). On the 
other hand, powder-based 3D printing was successfully 
used to fabricate wollastonite/bioactive glass scaffolds 
by Zocca et al. [94]. Polysiloxane, calcium carbonate, 
and AP40 bioactive glass powders were used as deposit 
layers with a thickness of 150 μm, and a mixture of 
1-hexanol and hexylacetate was used as a printing 
liquid. Porous wollastonite/bioactive glass scaffolds 
with a porosity of 80% and a biaxial flexural strength 
of ca. 6 MPa were fabricated after pyrolysis at 900 ℃ 
(Fig. 4). 

Due to the perfect shaping ability of organosilicon 
polymers, 3D printing technique provides a great choice 
for fabricating silicon-based ceramics with complex 
structure or porosity. Therefore, 3D printing technique 
combines with organosilicon polymer-derived strategy 
would be great potential for the fabrication of 
silicon-based ceramics in practical application. 

5  Silicon-based ceramics derived from 
organosilicon polymers 

Silicon as a common rich element in the earth’s crust is 
widely used for synthesizing polymers and inorganic 
non-metallic materials. Silicon-based ceramics can be 
classified into non-oxide silicon-based ceramics and 
silicate ceramics. Non-oxide silicon-based ceramics can 
be further divided into binary, ternary, and multivariate 
systems according to their components. However, the 
compositions of all silicon-based ceramics derived from 
organosilicon polymers are complicated; for instance, 
the residual carbon in Si/N ceramics derived from 
polysilazane will be detected inevitably. Therefore, the 
following binary or ternary system silicon-based ceramics 
only consider the main elements in the ceramics. In 
biomedical applications, non-oxide silicon-based ceramics 
are less popular than silicate ceramics. However, with 
the development of polymer-derived strategy, 
organosilicon polymer-derived non-oxide silicon-based 
ceramics are seeming to be useful. On the other hand, 
there have been many studies on organosilicon 
polymer-derived silicate ceramics for biomedical 
applications. The structure and porosity are two important 
factors for bioceramics, and the organosilicon 
polymer-derived strategy facilitates the shaping process. 
Furthermore, the components of organosilicon 
polymer-derived ceramics could be well controlled and 
the silicon component is important for biomedical 
applications. 

5. 1  Binary silicon-based ceramics 

SiC and Si3N4 are two most common binary silicon-based 
ceramics, which are derived from polycarbosilane and 
carbon-free polysilazane. Compared to the commercial 
methods to fabricate binary silicon-based ceramics 
such as solid state, solid–gas reaction, organosilicon 
polymer-derived ceramics method facilitates the shaping 
process and greatly decreases the reaction energy 
consumption. Importantly, organosilicon polymer-derived 
SiC and Si3N4 ceramics show remarkable properties 
such as mechanical strength, chemical stability, etc. 

Polycarbosilanes, which can be directly converted to 
SiC after the pyrolysis, have been widely used for 
fabricating SiC powders, foams, fibers, monoliths, coating, 
and composites [37,95–98]. For example, Wang et al. 
[37] prepared carbon-rich SiC powders via the pyrolysis 
of polycarbosilanes (Fig. 5). The polycarbosilanes were  
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Fig. 5  (a) XRD patterns of the polycarbosilane-derived SiC ceramics pyrolyzed at 1300, 1500, 1700, and 1900 ℃. (b) The 
sizes of SiC nanocrystals pyrolyzed at different temperatures and schematic illustration of microstructural evolution of the 
polycarbosilanes-derived SiC ceramics. HRTEM images of the polycarbosilanes-derived SiC ceramics pyrolyzed at (c) 1300 ℃ 
and (d) 1900 ℃ for characterizing the microstructure of the SiC nanocrystals and carbon phase in ceramics. Reproduced with 
permission from Ref. [37], © Elsevier Ltd and Techna Group S.r.l. 2017.  

 
cross-linked, followed by the pyrolysis process at a 
temperature up to 1900 ℃. With the increase of pyrolysis 
temperature, crystallization degree increased and these 
diffraction peaks of β-SiC became narrower in width 
and stronger in intensity, as well as the size of SiC 
crystals increased and the SiC crystal became turbostratic 
from amorphous. Mishra et al. [95] fabricated SiC foams 
with a controlled porosity. In their study, polycarbosilanes 
were synthesized via the thermal backbone rearrangement 
of polydimethylsilane (PDMS) granules, and then they 
were modified with epoxy by dissolved in epoxy- 
tetrahydrofuran solution. SiC foams were derived from 
the pyrolysis of polycarbosilanes at 1000 ℃ and 
ceramization over 1200 ℃ in a vacuum furnace. With 
increasing the content of epoxy, the porosity increased 
and the density decreased. At the same time, the 
compressive strength increased with the ceramization 
temperature. 

Eick and Youngblood [99] fabricated SiC nanofibers 
by the electrospinning of the mixture of polysilanes 
and polystryrene, followed by a pyrolysis process. A 
polysilane solution was prepared for electrospinning, 

and then was exposed to UV radiation for cross-linking. 
After a pyrolysis at 1200 ℃, the core–shell structured 
SiC/SiO2 nanofibers with an average diameter of 50 nm 
were obtained. Continuous SiC fibers with different 
thickness of carbon layer were directly prepared by 
changing the pyrolysis models for organosilicon polymers 
[100,101]. Actually, the development of polymer-derived 
SiC fibers has been summarized by Flores et al. [102] and 
Bunsell and Piant [103]. The first generation preceramic 
polymer-derived SiC fibers possessed high tensile 
strength but low modulus and thermal stability. The 
second generation SiC fibers are fabricated by decreasing 
the oxygen content, and they had better high-temperature 
and creep properties. The third generation SiC fibers 
with near stoichiometric ratio have optimal tensile 
strength, modulus, and thermal stability, which have 
been commercialized for practical applications. 

SiC-based composites have been applied worldwide 
due to high temperature strength, low density, and good 
thermal stability [104–106]. To date, varieties of studies 
demonstrated the fabrication of SiC-based composites 
using polycarbosilanes. For example, Ma et al. [96] 
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investigated the effects of high-temperature annealing 
on the microstructures and mechanical properties of 
the carbon fiber reinforced SiC (Cf/SiC) composites 
derived from organosilicon polymers. The flexural 
strength of the composites gradually decreased with 
the increase of annealing temperature (1600–1800 ℃) 
and annealing time. Mu et al. [104] and Liu and Tian 
[107] fabricated SiC reinforced SiC matrix (SiCf/SiC) 
with BN interphase from polycarbosilanes and different 
boron, nitrogen sources, and the mechanical strength of 
the composites was enhanced by introducing BN 
interphase significantly. In addition, many other SiC-based 
composites derived from organosilicon polymers have 
been fabricated, such as ZrC/SiC, Al2O3/SiC, SiAlON/SiC, 
carbon nanotube/SiC, etc. [108–113]. 

SiC ceramics show high mechanical strength, high 
thermal shock resistance, low thermal expansion 
coefficient, good chemical stability at high temperature, 
and semi-conducting, which is recognized as a promising 
material for semiconductor and applied in extreme 
environments [37,95,114]. In biomedical applications, 
SiC has been proposed as a candidate for bone implants 
or coating due to the high mechanical strength and 
ability for loading and releasing antibiotics [115–118]. 
Díaz-Rodríguez et al. [115] found that biomorphic SiC 
was a promising loaded system and able to control the 
release of vascular endothelial growth factor (VEGF), 
leading to the proliferation of human umbilical vein 
endothelial cells (HUVECs) and new bone blood vessel 
formation. Gryshkov et al. [116] proved that porous 
SiC was cytocompatible, and its re-cultivation efficiency 
as well as metabolic activity were improved after coated 
with hydroxyapatite (HA) and HA/zirconia (HA/ZrO2), 
which showed great potential in porous carrier materials 
for bone implants. 

Si3N4 is another representative for binary silicon-based 
ceramics, which is famous for its excellent mechanical 
properties, low coefficient of thermal expansion, and 
good resistance to thermal shock [119,120]. Branched 
α-Si3N4 ceramics have been successfully fabricated using 
polysilazanes by Fu et al. [121–123]. Polysilazene was 
solidified by thermal cross-linking, following a heating 
treatment at 1250 ℃ in a N2 atmosphere. The growth 
of branched Si3N4 ceramics was attributed to a 
vapor–liquid–solid mechanism [122]. Jiang et al. 
[124,125] fabricated quartz fiber reinforced nitride 
composites (Si3N4–BN) by polyborosilazane pyrolysis. 
The results showed that the composite processes a high 
flexural strength (101.8 MPa) and a good thermal-physical 

performance. However, there are few works on 
organosilicon polymer-derived Si3N4 ceramics due to 
the existence of carbon in most polysiloxanes, which 
results in the formation of SiCN ceramics instead. 

Similar to SiC, Si3N4 ceramics show potentials in 
biomedical applications. Das et al. [126] , Bodišová et 
al. [127], and Cappi et al. [129] proved that Si3N4 was 
non-cytotoxic evaluated by human osteoblast-like cells 
(MG63) and human fibroblast cells, which shows great 
potential for biomedical applications. Pezzotti et al. [128] 
found that Si3N4 possessed an inherently anti-infective 
surface chemistry, against bacterial loading. The Si–N 
covalent bond led the formation of silanol and ammonia. 
Oxidation of ammonia into hydroxylamine and highly 
volatile species such as nitric oxide and peroxynitrite 
could damage bacterial DNA and membrane components, 
and then altered protein structures. 

Polymer-derived binary silicon-based ceramics 
including SiC and Si3N4 have aroused great attention 
due to their excellent mechanical property, thermal 
stability, etc. Many studies have emphasized on how to 
fabricate different SiC and Si3N4 architectures or their 
composites to fulfill various applications. In biomedical 
applications, organosilicon polymer-derived SiC and 
Si3N4 have shown great promising in bone regeneration 
and antibacterial materials. 

5. 2  Ternary silicon-based ceramics 

Polysiloxane, polysiloxane, and polycarbosilane are 
most commonly used to fabricate ternary silicon-based 
ceramics such as silicon oxycarbide (SiOC) and silicon 
carbonitride (SiCN). By processing different organosilicon 
polymers, the composition of ternary silicon-based 
ceramics can be adjusted within a certain range. 
Moreover, the properties of SiOC and SiCN can also 
be controlled by different processing treatments. 

Silicon carbide oxide (SiOC), especially with porous 
structures has gained much attention due to its excellent 
oxidation resistance, high temperature stability, and 
thermal-mechanical durability, and has been used as 
catalyst supports, battery anodes, insulation materials, 
and gas sensors [89,130–132]. Importantly, polymer- 
derived SiOC has also been studied for biomedical 
applications. To date, the fabrication of porous SiOC 
derived from organosilicon polymers is a popular 
strategy, and porous structure of SiOC can be created 
by 3D printing, direct foaming, sacrificial templates, 
freezing casting, etc. 
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Organosilicon polymers are capable of direct foaming 
due to its controllable rheological properties and the 
ability to form pores during their shrinkage when 
pyrolysis. Idesaki and Colombo [4] and Vakifahmetoglu 
and Colombo [133] fabricated SiOC foams by direct 
foaming technique, and the pore parameters could be 
controlled by turning the composition of starting 
materials and the process of heat treatments. For example, 
gradient-hierarchic-aligned porous SiOC ceramics were 
fabricated by adding different amounts of 
polydimethylsiloxane in the mixed starting solution, 
and the open porosity and average pore diameter could 
be controlled at 69.9%–83.4% and 0.59–1.25 mm, 
respectively [134]. Except that, polyurethane (PU) and 
polymethyl methacrylate (PMMA) are two most common 
sacrificial templates and have been applied to fabricate 
polymer-derived porous SiOC ceramics [135–138]. 
Colombo et al. [136–138] fabricated macro (100–600 
μm) and micro (ca. 8  μm) cellu lar SiOC fo ams b y 
introducing PU and polymethyl methacrylate (PMMA) 
microbeads as sacrificial templates into polysiloxane, 
and a controllable bulk density (0.25–0.85 g/cm3) and 
compressive strength (ca. 2–18 MPa) could be achieved. 
To fabricate highly ordered mesoporous SiOC monoliths, 
mesoporous carbon CMK-3 as a direct template was 
proposed to fill into liquid polysiloxane [139]. 
Mesoporous silica SBA-15 derived mesoporous carbon 
CMK-3 template was nanocasted, followed by 
cross-linking and pyrolysis in argon. The carbon 
templates were removed at 1000 ℃, and the SiOC 
exhibited crack-free, ordered two-dimensional hexagonal 
P6mm symmetry, and high specific surface area 
(602–616 m2/g). Except for PU and mesoporous carbon, 
other sacrificial templates including wood biomass, rice 
bran, polystyrene sphere, and layered double hydroxide 
template have also been reported [140–144]. Freezing 
casting method is another choice to fabricate porous 
SiOC ceramics by using organosilicon polymers. Naviroj 
et al. [145] proposed a solution freezing casting method 
to fabricate organosilicon polymer-derived porous SiOC 
ceramics. The polysiloxane solution was partially 
cross-linked. Porous SiOC structure could be achieved 
after freezing casting and pyrolysis. Soltani et al. [146] 
also developed a freezing casting route towards 
macroporous SiOC/SiO2 composites. It demonstrated 
that the pre-crosslinking of the starting organosilicon 
polymer reduced the shrinkage, but resulted in the 
decreased mechanical strength of the composites due 
to the inhomogeneous cell walls. 

Since organosilicon polymer-derived ceramics is a 
good strategy for fabricating porous SiOC ceramics and 
porous structure has been widely utilized in biomedical 
materials, this strategy has broadened the use of SiOC 
in biomedical applications. Zhuo et al. [147] reported that 
the organosilicon polymer-derived SiOC could activate 
coagulation of whole human blood plasma, and this 
property was related with the surface stoichiometry of 
oxygen and carbon because it decided the water 
wettability of SiOC. The stoichiometry of oxygen and 
carbon can be easily adjusted by different raw 
organosilicon polymers or chemical post-treatments, 
leading to a promising use for SiOC in blood-contact 
applications. Grossenbacher et al. [148] demonstrated 
that the polymer-derived ceramics were stable and low 
toxicity, and their electrical conductivity could be 
adjusted by carbon doping, which could be used in 
implantable electrode applications such as pacemakers. 
Tamayo et al. [149–151] fabricated mesoporous SiOC 
for controlled drug delivery. A mixture of organosilicon 
sol was prepared and aged to form gel by the addition 
of NH4OH solution, which transferred into SiOC after 
pyrolysis at 1100 ℃. The SiOC presented bimodal 
porous structure with pores of 6 and 100 nm size, 
resulted to a faster drug penetration than mesoporous 
active carbon. Vakifahmetoglu et al. [152] fabricated 
hierarchically SiOC with micro- and meso-pores by 
organosilicon polymer-derived strategy as a multi drug 
release system (Fig. 6). A mixed organosilicon polymer 
solution was stirred homogeneously firstly, and 
hierarchically porous SiOC with 774 m2/g specific 
surface was obtained after pyrolysis at 1300 ℃ and 
etching by hydrofluoric acid (HF). The obtained SiOC 
showed a better capacity for delivery of two different 
sized drugs (bovine serum albumin (BSA) and 
vancomycin), and the anti-bacterial activity of the 
hierarchically porous SiOC was stronger than MCM-41 
mesoporous silica tested by the time-kill evaluation. 

Silicon carbonitride (SiCN) derived from polysilazane 
possesses the outstanding properties including thermal 
stability, high mechanical strength, and excellent fracture 
toughness, which shows great potential for high 
temperature and structure applications [153,154]. In 
general, amorphous SiCN ceramics can be obtained at 
1000 ℃, which are transferred into SiC and Si3N4 
phases with free carbon at a higher temperature, and 
then β-SiC could be formed from the reaction between 
Si3N4 and free carbon over 1800 ℃ [73,147–150]. 

Iwamoto et al. [155] demonstrated the crystallization  
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Fig. 6  (a) Scheme illustration of the microstructure of the hierarchically porous SiOC and its drug delivery system. Release 
curve of (b) BSA and (c) vancomycin loaded SiOC in PBS buffer. Reproduced with permission from Ref. [152], © Elsevier Ltd. 
2017. 

 
behavior of the polymer-derived SiCN ceramics. SiCN 
ceramics with a controllable atomic ratio of C/Si could 
be fabricated by changing the proportion of 
polycarbosilane and polysilazane, and the Si3N4 
crystallization temperature of SiCN increased with the 
increase of C/Si ratio. The crystallization behavior of 
the organosilicon polymer-derived amorphous SiCN was 
governed by chemical composition, molecular structure, 
and chemical homogeneity. The existence of nitrogen 
retarded the crystallization of SiC owing to the high 
nitrogen content in the organosilicon polymers leading 
to the formation of SiN4. Furthermore, Mera et al. [58] 
successfully controlled the atomic ratio of C/Si by 
introducing phenyl into polysilylcarbodiimides. Also, 
different substituents attached to the backbone of 
organosilicon polymers could induce different thermal 
behaviors of the SiCN ceramics. With a higher amount 
of carbon, an enhanced thermal stability of SiCN was 
achieved due to the protection of the amorphous silicon 
nitride by graphene layer derived from carbon in the 
organosilicon polymers. 

Nangrejo et al. [156] fabricated SiC/Si3N4 foams by 
immersing a polyurethane foam into a polysilane solution 
mixed with different proportion of Si3N4 powders. The 
polysilanes were used as SiC precursors, while Si3N4 
powders acted as inert fillers to obtain SiC/Si3N4 
composite, which showed well-defined open-cell 
structures with macro struts. Similarly, Degenhardt et 
al. [154] reported a method to fabricate porous SiCN 

ceramics by using polycarbosilazane as precursors and 
Si3N4 powders as inert fillers. After pyrolysis at 1000 ℃, 
SiCN partially filled the interstices between the inert 
Si3N4, and thus porous SiCN/Si3N4 ceramics with about 
34% porosity were obtained. However, subsequent gas 
pressure sintering led to the formation of SiC and 
Si3N4 from SiCN. On the other hand, the SiCN-based 
composites can also be derived from organosilicon 
polymers. For example, Graczyk-Zajaca et al. [157] 
developed SiCN/graphite composite derived from 
polysilazanes as a negative electrode in lithium-ion 
batteries. A commercial preceramic polysilazane and 
graphite with a 1:1 weight ratio was used to fabricate 
SiCN/graphite composite after a pyrolysis at 950, 1100, 
or 1300 ℃. Reinold et al. [158] reported the carbon-rich 
SiCN ceramics derived from branched polysilazane 
and polysilylcarbodiimide for anode material in lithium-ion 
batteries. 

To our best knowledge, there are also some studies 
on multivariate silicon-based ceramics. In general, 
multivariate silicon-based ceramics can be fabricated 
via two methods. For example, quaternary ceramics such 
as SiCBN can be derived directly from boron-containing 
organosilicon polymers [63,64,159], of which the 
fabrication processes are similar to those of binary and 
ternary polymer-derived ceramics. Except for the direct 
pyrolysis of the modified organosilicon polymers, the 
addition of fillers into preceramic polymers is another 
choice. Bernardo et al. [10,160–162] fabricated 
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SiAlON-based ceramics derived from polysilazane filled 
with Al2O3, AlN, and Si3N4 powders beyond 1450 ℃, 
as well as mullite (Al2O3·SiO2) ceramics from the same 
polysilazane filled with Al2O3 nanoparticles. Schlier et 
al. [163] fabricated SiOC/FeSiCr/SiC composite ceramics, 
which were derived from polymethylsilsesquioxane 
with FeSiCr and SiC powders as fillers. 

Polymer-derived ternary silicon-based ceramics, such 
as SiOC and SiCN, have showed great potential for 
high temperature and structure applications. Especially 
for foams or composites, there have lots of studies on 
how to regulate the components or create the porosities 
with suitable size for practical applications. In biomedical 
applications, organosilicon polymer-derived porous 
SiOC is stable and low toxicity and the SiOC with 
hierarchical porous structure is promising as a drug 
carrier. 

5. 3  Silicate ceramics 

Silicate ceramics derived from organosilicon polymers 
containing active fillers have attracted great attentions 
in the past few years. During the heat treatment process, 
active fillers are able to react with the pyrolysis products 
from organosilicon polymers to form silicate ceramics. 
Compared to traditional methods for fabricating silicate 
ceramics, the polymer-derived ceramic strategy requires 
lower ceramization temperature and provides simpler 
shaping methods. Silicate ceramics are often used as 
cements, concrete, bioceramics, etc. To date, varieties 
of silicate ceramics including calcium-based silicate 
ceramics (CaO ∙SiO2, 2CaO ∙SiO2), forsterite (2MgO ∙SiO2), 
mullite (3Al2O3·2SiO2), zircon (ZrO2∙SiO2), willemite 
(2ZnO∙SiO2), yttrium mono-silicate (Y2O3∙SiO2), and 
ternary silicates such as akermanite (2CaO·MgO·2SiO2), 
diopside (CaO·MgO·2SiO2), hardystonite 
(2CaO·ZnO·2SiO2), gehlenite (2CaO∙Al2O3∙SiO2), 
cordierite (2MgO∙2Al 2O3∙5SiO2) have been fabricated 
using organosilicon polymers [18,90–92,164–170]. 
Among them, calcium-based silicate ceramics have 
been developed for biomedical applications due to 
their excellent bioactivity [171–173]. 

Bernardo et al. [73,74,174,175] fabricated porous 
wollastonite (CaSiO3) bioceramics derived from 
polysiloxanes and calcium sources. The reaction between 
silica from polysiloxanes and calcium sources results 
in the formation of CaSiO3 from 1000 to 1200 ℃. It 
demonstrated that the crystallinity of wollastonite 
bioceramics was influenced by the particle size of 
calcium sources, and the smaller-sized calcium sources  

with higher surface area improved the crystallinity. 
Fiocco et al. [176] fabricated bioactive glasses derived 
from polysiloxane and active fillers. By adjusting the 
amounts of active fillers such as calcium carbonate, 
sodium carbonate, or sodium phosphate dibasic 
heptahydrate, 45S5 and 58S bioactive glasses were 
successfully fabricated from the reaction between silica 
and active fillers at 1000 ℃. These studies demonstrated 
that most of silicate bioceramics can be fabricated from 
organosilicon polymers combining with other sources 
in a specific ratio. Based on that, varieties of calcium 
silicate-based bioceramics have been developed by 
organosilicon polymer-derived ceramic strategy. For 
example, Zocca et al. [90] and Elsayed et al. [91] 
fabricated hardystonite (Ca2ZnSi2O7) bioceramics derived 
from polysiloxane loaded with ZnO and CaCO3 active 
fillers. The desired hardystonite phase was only found 
sintering in air atmosphere, while sintering in nitrogen 
produced wollastonite polymorphs, which could be 
attributed to the carbothermal reduction of the zinc 
oxide and subsequent evaporation of metallic zinc. 
Bernardo et al. [164] fabricated akermanite (Ca2MgSi2O7) 
bioceramics derived from polysiloxane loaded with 
CaCO3 and Mg(OH)2 active fillers. With smaller particle 
size of the active fillers, akermanites with higher 
crystallinity were obtained over 900 ℃. 

On the other hand, there also have some studies about 
organosilicon polymer-derived composites. Bernardo 
et al. [177,178] fabricated wollastonite/hydroapatite 
composite bioceramics from polysiloxane loaded with 
CaCO3 and hydroxyapatite (HA). During sintering, CaO 
reacted with silica to form wollastonite phase while 
hydroapatite was inert. Fiocco et al. [92] fabricated 
CaCO3/SiO2 composite bioceramics. Here, CaCO3 powers 
were used as inert fillers and SiO2 was derived from 
polysiloxane sintering at 600 ℃. Elsayed et al. [93] 
and Fiocco et al. [166,179,180] fabricated 
wollastonite/diopside composite bioceramics with a 
ratio of 1 : 1. CaCO3 and Mg(OH)2 were used as active 
fillers and reacted with polysiloxane at 1100 ℃ to form 
wollastonite and diopside phases. The difference of the 
sintering atmosphere between air and nitrogen was 
investigated. It was found that the scaffolds sintered in 
nitrogen possessed larger pores and thinner struts while 
the crystal phases were similar. Zocca et al. [94] 
fabricated wollastonite/bioactive glass composite 
bioceramics from polysiloxane loaded with CaCO3 
filers. As inert filler, AP40 bioactive glass was added, 
and the findings showed that with a higher amount of 
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glasses, the composite bioceramics possessed a higher 
porosity and smaller shrinkage after ceramization. 

As known, porous structure is very important for 
bioceramics, which facilitates cell migration, nutrient 
delivery, bone ingrowth, or vascularization. The porosity 
is closely related to the mechanical strength, and the 
mechanical strength of the representative organosilicon 
polymer-derived porous silicate bioceramics by using 
different pore-making methods have been summarized 
in Table 3. Among these above-mentioned works, the 
addition of foaming agents in starting materials is a 
common method to fabricate porous calcium silicate-based 
bioceramics. The foaming agents include sodium 
phosphate dibasic heptahydrate (Na2HPO4·7H2O), borax 
(Na2B4O7·10H2O), sodium borate, dicarbamoylhydrazine 
(DCH), polymethyl methacrylate (PMMA), Pluronic 
P123, hydrazine derivative, etc., which has been 
summarized in Table 3. For instance, Fiocco et al. [180] 
and de Castro Juraski et al. [181] fabricated 
wollastonite–diopside (CaSiO3–CaMgSi2O6) porous 
bioceramics by using sodium phosphate dibasic 
heptahydrate (Na2HPO4·7H2O) as a foaming agent, the 
final bioceramics processed an open porosity (> 75%) 
and a crushing strength (< 3.8 MPa). When borax was 
used as a foaming agent, wollastonite–diopside ceramics 
had a higher open porosity (> 80%) and a compressive 
strength (< 2 MPa) [168], while a higher compressive 
strength (> 20 MPa) with a residual open porosity 
(65%) could be obtained using sodium borate [182]. 
Similarly, dicarbamoylhydrazine foaming agent was 

used to fabricate organosilicon polymer-derived 
wollastonite–hydroxycarbonate apatite ceramics, and 
the final ceramics processed good interconnectivity 
and uniform pore size (500 μm) [178]. However, the 
over-reliance on the structure and property of the 
foaming agents limits the controllable fabrication, and 
even needs a one more step for removing the foaming 
agents. Nowadays, 3D printing technique as an efficient 
method has been proposed and is able to create designed 
pore structures for the polymer-derived bioceramics. 

The organosilicon polymer-derived silicate-based 
ceramics facilitate the shaping process and the component 
of bioceramics can be easily controlled. To date, many 
studies were emphasized on the bioactivity of the 
calcium-based silicate bioceramics due to their ability 
of inducing the formation of hydroxyapatite layer and 
regulating the cell behaviors. As known, different 
elements induce different cell performances or immune 
reaction, leading to a signal pathway to regulate new 
bone formation, and it is easy to change or incorporate 
effective elements into organosilicon polymer-derived 
silicate bioceramics. Thus, some works further explored 
the bioactivity of organosilicon polymer-derived calcium 
silicate ceramics [94,168,176,178–181]. Also, human 
osteoblast cells and fibroblast cells were used to evaluate 
the cell compatibility for those wollastonite/hydroapatite, 
wollastonite/diopside, wollastonite/bioactive glass 
composite bioceramics. All these composite ceramics 
showed good bioactivity and benefited for cell adhesion, 
proliferation and differentiation. 

 
Table 3  Mechanical strength of the representative organosilicon polymer-derived porous silicate bioceramics by using 
different methods 

Pore-making method Organosilicon  
polymer (fillers) Silicate bioceramics Maximal  

porosity (%) 
Maximal mechanical  

strength (MPa) Reference 

Foaming agents  
(polymethyl methacrylate) Polysiloxane (CaCO3) CaSiO3 81 Crushing strength: 9.6 [74,177] 

Foaming agents (sodium phosphate 
dibasic heptahydrate) 

Polysiloxane  
(CaCO3, Mg(OH)2) 

CaSiO3/CaMgSi2O6 79 Crushing strength: 3.8 [180,181] 

Foaming agents (borax) Polysiloxane  
(CaCO3, Mg(OH)2) 

Ca2MgSi2O7 72 Crushing strength: 5.5 [164] 

Foaming agents (sodium borate) Polysiloxane  
(CaCO3, Mg(OH)2) 

CaSiO3/CaMgSi2O6/ 
G20CaII glass 77 Crushing strength: 6.5 [166] 

Foaming agents 
(dicarbamoylhydrazine) 

Polysiloxane  
(CaCO3, Ca3(PO4)2) 

58S Bioactive glass 79 Crushing strength: 5.6 [176] 

Foaming agents  
(hydrazine derivative) Polysiloxane (CaCO3, ZnO) Ca2ZnSi2O7 81 Compressive strength: 2.1 [170] 

3D printing Polysiloxane (CaCO3, ZnO) Ca2ZnSi2O7 76 Compressive strength: 2.5 [90,91] 

3D printing Polysiloxane (CaCO3) CaCO3/SiO2 64 Compressive strength: 5.5 [92] 

3D printing Polysiloxane  
(CaCO3, Mg(OH)2) 

CaSiO3/CaMgSi2O6 76 Compressive strength: 4.9 [93] 

3D printing Polysiloxane (CaCO3, ZrO2) Ca2SiO4/ZrO2 74 Compressive strength: 5.5 [184] 
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Recently, our group has successfully fabricated 
3D-printed β-Ca2SiO4 scaffolds from preceramic resin 
loaded with CaCO3 active fillers [183]. β-Ca2SiO4 phase 
could be formed over 900 ℃ sintering and the 
crystallinity of the ceramic scaffolds increased with 
increasing the sintering temperature. The obtained 
β-Ca2SiO4 scaffolds maintained porous structures with 
uniform interconnected macropores (ca. 400 μm), high 
porosity (> 78%), and a maximum compressive strength 
(ca. 5.2 MPa). Moreover, the β-Ca2SiO4 scaffolds 
exhibited excellent apatite mineralization ability in 
stimulated body fluid (SBF). The in vitro experiments 
showed that the cell adhesion, proliferation, alkaline 
phosphatase activity, and osteogenic-related gene 
expression of rat bone mesenchymal stem cells (rBMSCs) 
were stimulated for the β-Ca2SiO4 scaffolds with higher 
sintering temperature (Fig. 7). However, the mechanical 
property of calcium-based bioceramics is still not 
desirable for practice applications, and high dissolution 
rate will lead to a weak alkali environment. To regulate 
the degradation rate and create a more stable 
microenvironment for cells, and thereby eventually 
promote new bone formation, ZrO2 as an inert filler 
was incorporated into β-Ca2SiO4 ceramics [184]. The  

 

ZrO2 incorporation significantly enhanced the compressive 
strength (5.5 MPa) compared to β-Ca2SiO4 scaffolds, 
and stimulated the cell proliferation and differentiation 
of osteoblasts. Importantly, in vivo results indicated that 
the ZrO2-incorporated β-Ca2SiO4 scaffolds improved 
osteogenic capacity (Fig. 8) and it would be a promising 
candidate for bone tissue engineering. 

Polymer-derived silicate ceramics are varied, and their 
components can be easily adjusted by adding different 
fillers, which greatly promotes the organosilicon 
polymer-derived strategy for fabricating bioceramics in 
bone regeneration. Recently, calcium-based polymer- 
derived bioceramics have aroused greatly attentions, 
and in vitro and in vivo studies proved these bioceramics 
were able to promote new bone formation. 

6  Conclusions and perspectives 

Traditional methods to fabricate silicon-based ceramics 
are often high-energy consumption and difficult for 
shaping. Polymer-derived ceramic route has been 
developed and is able to overcome these limitations to 
some extent. To fabricate silicon-based ceramics derived 

 
 

Fig. 7  (a) XRD patterns and (b) compressive strength of β-Ca2SiO4 scaffolds sintered at different temperature for 5 h. (c) 
Quantitative analysis of the proliferation of rBMSCs cultured on β-Ca2SiO4 scaffolds for 3 and 7 days. (d) ALP activity of 
rBMSCs cultured for 7 and 14 days on β-Ca2SiO4 scaffolds for 7 and 14 days. Osteogenic expression of (e) BMP-2 and (f) BSP 
for rBMSCs cultured on β-Ca2SiO4 scaffolds by qRT-PCR analysis after 7 and 14 days. Reproduced with permission from Ref. 
[183], © The Author(s) 2018. 
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Fig. 8  (a) Micro-CT evaluation, blank group (left), β-Ca2SiO4 scaffolds (right, dark area), and ZrO2 incorporated β-Ca2SiO4 
scaffolds (right, light area), and (b) histological analysis of the repaired skulls at 8-week post-implantation (top: blank group; 
middle: β-Ca2SiO4 scaffolds; bottom: ZrO2 incorporated β-Ca2SiO4 scaffolds). Quantitative analysis of (c) BMD and (d) BV/TV. 
Reproduced with permission from Ref. [184], © Journal of Inorganic Materials 2019. 

 
from organosilicon polymers, the preparation of the 
starting organosilicon precursors, shaping, cross-linking 
of the organosilicon precursors and sintering are four 
main processes, which determine the compositions and 
properties of the final ceramics. However, polymer-derived 
ceramic route to fabricate silicon-based ceramics often 
suffers from the large shrinkage during a pyrolysis and 
many cracks occur in the final ceramics. Although the 
shrinkage and cracks can be solved by the introduction 
of fillers, the composition of the final ceramics cannot 
be controlled precisely, especially the carbon in 
organosilicon polymers. 

To construct silicon-based ceramics with controllable 
structures, combining polymer-derived ceramic route with 
3D printing technique is extremely promising. Using 3D 
printing technique, starting organosilicon polymers are 
easily shaped into controllable complex structures, 
which can be maintained after a pyrolysis process to 
obtain final ceramics. Moreover, preceramic polymers 
are able to provide a liquid phase during the pyrolysis 
to decrease the sintering temperature. Nowadays, many 
silicate ceramics have been successfully fabricated by 
3D printing of organosilicon polymers. In biomedical 
applications, organosilicon polymer-derived non-oxide 
ceramics (SiOC) have been studied on their drug delivery 
ability and its possibility on blood contact applications, 
while other organosilicon polymer-derived non-oxide 
ceramics including SiC, Si3N4, and SiCN have shown 

great potentials. Organosilicon polymer-derived silicate 
bioceramics are promising for bone tissue engineering, 
because the strategy facilitates the shaping process and 
the component of bioceramics can be easily controlled. 
Therefore, the development of novel preceramic polymers 
for fabricating other functional ceramics should be 
expected, such as borate ceramics, phosphate ceramics, 
and the 3D printing technique further endow the 
precious and controllable structures to ceramics in the 
future. 
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