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Abstract

:

Polymer derived ceramics (PDCs) are promising candidates for usages as the functionalization of inorganic Si-based materials. Compared with traditional ceramics preparation methods, it is easier to prepare and functionalize ceramics with complex shapes by using the PDCs technique, thereby broadening the application fields of inorganic Si-based ceramics. In this article, we summarized the research progress and the trends of PDCs in recent years, especially most recent three years. Fabrication techniques (traditional preparation, 3D printing, template method, freezing casting techniques, etc.), microstructural tailoring mainly via additive doping, and properties (mechanical, thermal, electrical, as well as dielectric and electromagnetic wave absorption properties) of Si-based PDCs were explicated. Meanwhile, challenges and perspectives for PDCs techniques were proposed as well, with the purpose to enlighten multiple functionalized applications of polymer-derived Si-based ceramics.
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1. Introduction


As one of the oldest materials, silicon-based ceramic materials have received extensive attention due to their high hardness, high strength, wear resistance, excellent thermal stability, and chemical stability. However, they are brittle and difficult to process, which severely limits the application range of Si-based ceramics. To solve this problem, the polymer derived ceramics (PDCs) technique has been developed [1]. Compared with traditional ceramic manufacturing techniques (e.g., press molding), organic polymers were used in PDCs processing, namely “ceramic precursors” [2,3] (e.g., polysiloxane, polycarbosilane, polysilazane) instead of ceramics powders during fabrication. The preceramic polymers are formed by crosslinking and pyrolyzed under high temperature and inert atmosphere, releasing various types of low-molecular-mass gases (e.g., CH4, H2, CO, CO2) [4] before fully converting into ceramics. Organic polymers are relatively easy to process into various shapes. Therefore, the shapes of polymers could be tailored according to specific requirements after pyrolysis. At present, the most widely studied PDCs systems are mainly PDCs-SiC [5,6,7,8,9,10,11,12], PDCs-SiOC [13,14,15,16,17,18,19,20,21,22], and PDCs-SiCN [23,24,25,26,27,28,29,30,31,32] systems.



In the past few decades, efforts had been devoted to PDCs-related materials. It was found that PDCs usually consist of a network of free carbon and rich-Si nanodomain. As Figure 1a shows, the length of rich-Si nanodomain was 1–5 nm, while the width of nanodomain interface was 0.8–1.5 nm [33]. The microstructure of PDCs was greatly influenced by pyrolysis temperature [6,19,22,27]. Taking the polysilazane-derived SiCN as an example, Yu et al. [34] systematically summarized the microstructural evolution of PDCs under different pyrolysis temperatures. With the increase of pyrolysis temperature, the microstructural evolution can be divided into four steps: (1) at lower temperatures (<800 °C), there occurs the formation of amorphous excess carbon (mainly sp3-hybridization) through the decomposition of aromatic hydrocarbons, evenly dispersed in the amorphous ceramic matrix (Figure 1e); (2) when the pyrolysis temperature is increased up to 800–1000 °C, the carbon layers are stacked in turbostratic order to form the basic structural unit (BSU) of free carbon, that is, nucleation. At this time, PDCs are mainly composed of turbostratic free carbon phase and amorphous rich-Si ceramic matrix (Figure 1c,d,f); (3) with the increase of pyrolysis temperature (1000–1200 °C), the C–H group on the outside of the BSU becomes unstable, and the residual H atoms are removed in the form of H2, resulting in the unsaturated carbon atoms around (Figure 1b,g); (4) after further heat treatment at high temperature (>1400 °C), the free carbon region continues to be rearranged and entangled with graphitic carbon nanocrystals to form a free carbon network or nanodomain (Figure 1h). Wang’s group [22] found the high pyrolysis temperature is beneficial to decrease the porosity of SiOC ceramics, promoting the nucleation of β-SiC nanodomains and the graphitization of free carbon. In addition to pyrolysis temperatures, pressure [24,35] and solvent [21] also affect the microstructure of PDCs. The carbothermal reduction reaction [36,37] usually occurs above 1500 °C between free carbon and oxygen- as well as nitrogen-containing phases, leading to a reduction in the contents of carbon, oxygen, and nitrogen accompanied by the release of gaseous products (e.g., CO, N2, SiO) [38,39,40], obtaining new phases and causing the loss of mass of ceramic materials. Meng’s [24] group found low pressure decreased the onset temperature of carbothermal reduction reaction, thus reducing the thermal stability of SiCN ceramics. Lu’s group [21] found that solvents affected the carbon content and SiC crystallization during the pyrolysis of SiOC ceramic systems. Under low pyrolysis temperatures, solvents accelerated the formation of SiC, and under high pyrolysis temperatures, the formation of SiC decreased with the increase of solvent content.



The recent research progress and trends of PDCs are to functionalize them through various methods (such as additive doping [30,31,41,42,43,44,45]) and to combine PDCs with 3D printing [4,10,13,14,15,29,46] to explore new techniques to fabricate PDCs. By functionalizing PDCs, they have excellent mechanical, thermal, electrical, and dielectric properties. The 3D printing technique enables PDCs to be easier to design and prepare components with required shapes and geometries. These two aspects above greatly improve the performance and broaden the potential applications of PDCs.



Polymer-derived Si-based ceramics release small molecular gases during pyrolysis and generate free paths inside the ceramics [47]. It is detrimental to the mechanical properties of ceramics, but this feature can be used to prepare ceramics with hierarchical porous structure and high specific surface area [7,8,12,30,48]. Meanwhile, introducing suitable additives to the preceramic polymers in the form of particles or the chemical precursors can enable PDCs with additional functions, such as catalysis [7,18,49,50], electromagnetic wave absorption [19,27,28,30,32,45,51,52,53,54,55], filtration [8,9,11,56,57], and electrochemical energy storage [48,58,59,60]. Su’s group [48] used graphene-modified PDCs-SiOC fibers to fabricate flexible ceramic cloths with hierarchical porous structure and rough surface by spinning, which can be used for high performance lithium storage application. Yin’s group [30] used carbon nanowires (CNWs)-modified PDCs-SiCN to prepare materials with highly efficient electromagnetic wave absorption properties. Its minimum reflection coefficient (RCmin) can reach −51 dB with effective absorption bandwidth (EAB) of 3.0 GHz at 2.7 mm thickness. Xu’s group [56] prepared a porous PDCs-SiOC ceramic membrane with a narrow pore size distribution (the average pore diameter is 0.59 μm) by tape casting, which can be effectively used for oil–water separation of oil-in-water emulsions. Wilhelm’s group [18] fabricated PDCs-SiOC with high specific surface area (~400 m2·g−1) by freeze casting and loading with Ni nanoparticles, and it displayed good catalytic activity; in the CO2 methanation reaction, the maximum conversion rate was 0.49, and the maximum methane selectivity was 0.74. In addition, by functionalizing polymer-derived Si-based ceramics, it can also significantly improve its mechanical [5,15,43,47,61], thermal [41,43,62,63,64], and electrical properties [6,14,26,40,43], which could be widely used in the preparation of conductive ceramics, sensors, membranes, coatings, and components for usage under harsh environments.



In this article, we summarized the recent research progress and trends of PDCs, particularly those in the last three years, and elaborated upon the forming techniques of PDCs and the functionalization and the performance of polymer-derived Si-based ceramics, etc. At the same time, the challenges faced by PDCs techniques were summarized, and prospects were proposed, with the purpose to enlighten functionalization of polymer-derived Si-based ceramics.




2. Forming and Functionalization Techniques of PDCs


2.1. Forming Techniques


With rapid development of PDCs, researchers have developed a variety of forming techniques, each technique with its own advantages, as is discussed in the following paragraphs.



2.1.1. Traditional Forming Techniques


Traditional forming techniques are the earliest and the most conventional techniques, and dry pressing [41,45], isostatic pressing [25,47], and tape casting [65] are more commonly used. The general route for the synthesis of PDCs using traditional forming techniques was to crosslink and solidify the precursor polymers and grind and sieve to obtain crosslinked polymer powders, which were then made into a green body by traditional forming techniques, and finally the green body was pyrolyzed. The traditional forming techniques are simple, low-cost, and it is easy to mix with the second phase to form functional PDCs. Most of the PDCs prepared by the traditional techniques underwent the powder densification process, and their mechanical strengths were usually higher than those of the emerging forming techniques. Zhang’s group [47] used liquid polyvinylsilazane (PVSZ) with different viscosities as precursors, then crosslinked, milled, and isostatic pressing molded them. To reduce the cracks and the porosity in ceramics, PDCs thin-films with high fracture strength and high gas tightness were prepared by polymer infiltration pyrolysis (PIP) process. The PDCs thin-films were successfully used in pressure sensors and could maintain gas-tight conditions after 72 h without losing pressure. The fracture strength could reach 108 MPa after only three PIP cycles. These advantages enable traditional forming techniques still favored by researchers today.




2.1.2. 3D Printing Techniques


Three-dimensional printing, also known as additive manufacturing (AM), is different from traditional cutting, grinding, and other subtractive manufacturing technologies. It is the process of manufacturing objects by sequentially depositing materials in accurate subsequent layers with the assistance of computer predesigned programs. The 3D printing techniques provide very flexible design freedom and can make parts with complex geometry without tools. With the unremitting efforts of researchers, relevant techniques of 3D printing on ceramic materials have been greatly developed. Dikshit et al. classified 3D printing techniques mainly into four categories based on different raw materials [66]: solid/impregnated feedstock, liquid (resin/ink) feedstock, powder feedstock, and hybrid feedstock. Solid/impregnated feedstock 3D printing includes techniques such as fused deposition manufacturing (FDM). Liquid (resin/ink) feedstock 3D printing includes techniques such as digital light processing (DLP). Powder feedstock 3D printing includes techniques such as selective laser sintering (SLS). Hybrid feedstock 3D printing includes techniques such as direct ink writing (DIW) [67].



DLP is a commonly used 3D printing technique for PDCs. Mixing the preceramic precursor polymer with the photosensitive resin or modifying the ceramic precursor polymer with a polymer containing photosensitive groups [14,15,29] can render the preceramic precursor polymer photocuring properties, thus it can be easily printed out into various forms by DLP. He’s group [29] prepared polymer-derived Si3N4 honeycomb ceramics using DLP, with compressive strength and elastic modulus of 65.5 MPa and 768.5 MPa, respectively. Lao’s group [15] developed a series of SiOC ceramic precursors for DLP and prepared high-strength and lightweight SiOC ceramics with a fully dense skeleton structure. Moreover, DIW could also be used in the forming of PDCs. Colombo’s group [13] combined 3D printing (DIW) and origami (Figure 2), using high printability and flexibility of silicone elastomers to obtain SiOC ceramics with complex 3D morphologies. Fabrication of PDCs by 3D printing technology can overcome the disadvantages of preparing complex-shaped components in traditional ceramic fabrication techniques and lay the foundation for broadening the application fields of ceramics.




2.1.3. Other Forming Techniques


Other than the novel 3D printing techniques mentioned above, many novel PDCs forming techniques are also favored by scientists. We mainly introduced template [8,46,56,57,64] and freeze casting [12,16,18,68] methods; both are suitable for manufacturing porous ceramics.



The template method is often combined with traditional techniques or advanced 3D printing to form PDCs products. Generally, pore-forming agents are introduced during the template molding process (mostly thermoplastic resins that could easily decompose [46], such as polyurethane (PU), polymethyl methacrylate (PMMA), polylactic acid (PA), polycarbonate (PC), polypropylene (PP), and nylon) into crosslinked and cured precursor polymers or are impregnated as a layer of precursor polymer onto the thermoplastic resin template. During high temperature pyrolysis, the thermoplastic resin is decomposed directly, and crosslinked and cured precursor polymers are converted from polymers into ceramics, which leaves a large number of pores in the ceramics matrix, resulting in porous ceramics or hollow ceramics. Santhosh’s group [64] impregnated porous PU foam with prepared precursor solution, using the PU foam as a template (Figure 3a); porous SiCN(O) and SiOC mesh foams were fabricated and thermally characterized after pyrolysis. Colombo’s group [8] added PMMA beams as a pore-forming agent to precursor, and a high-porosity open-cell SiC foam was obtained with a porosity of 73.4 vol% after pyrolysis (Figure 3b). Pearce’s group [46] produced thermoplastic resin filaments using fused filament fabrication (FFF) 3D printing, then impregnated the polymer precursor solution on the filaments, and hollow SiOC ceramic filaments and ceramic skins were obtained after crosslinking and pyrolysis (Figure 3c), with thickness of less than 100 μm. The template method has broad application prospects in manufacturing porous and hollow ceramics.



Freeze casting is also a common method for preparing porous ceramics. As Figure 3d shows, freezing casting generally consists of three steps [68]: freezing the liquid suspension; reducing the pressure to sublimate the solid solvent into gas to obtain a precursor polymer skeleton; and finally pyrolyzing the ceramic precursor skeleton to make the transition from polymer to ceramic. Different from the template method explained above, the pore-forming agent for the preparation of porous ceramics by freeze casting is solvent crystals. Therefore, compared with the template method in the narrow sense, it is easier to remove the pore-forming agent by freeze casting, and the pore morphology can be tailored by adjusting the freezing parameters [68] (solvent, suspension formulation, curing conditions, etc.). For example, Jackson [69] found that tert-butanol could easily generate prismatic pores, and cyclohexane and camphene could easily produce dendritic pore channels. This was because the Jackson α-factors of the solvents were different. Meanwhile, in order to prepare ceramics with higher porosity, other methods can also be used in combination with freeze casting technology. Wang’s group [16] used ultraviolet light-induced thiol-ene click chemistry and hydrofluoric acid (HF) etching-assisted freeze casting technology to prepare PDCs nanocomposites with hierarchical porosities. Its specific surface area was up to 494 m2·g−1. Therefore, freeze casting technology is also a very important method for manufacturing porous PDCs.





2.2. Functionalization Techniques


With the development of PDCs, researchers have focused not only on the manufacturing of PDCs but also on the functionalization of PDCs. Tactics to enhance the multi-functional performance of PDCs have drawn increasing attention. At present, the functional techniques of PDCs mainly include two aspects, adding dopants and tailoring the morphology of PDCs. However, doping itself can control the microscopic morphology. Therefore, this section mainly introduces the impact of doping on the functionalization of PDCs.



Doping is the most common way to functionalize PDCs. By uniformly dispersing dopants with the precursor polymer, PDCs can have excellent mechanical, thermal, and electrical properties as well as dielectric and electromagnetic wave absorption properties (Figure 4). There are normally various ways of doping. The most commonly used route is to uniformly mix the uncrosslinked or the crosslinked precursor polymer with the dopants directly by magnetic stirring, ultrasonic dispersion, or ball milling [8,14,27,28,41,44,45]. For example, Guo’s group [14] used an inorganic metal salt as a metal source and directly mixed it with a precursor polymer to prepare a metal-doped polymer-derived SiOC composite material, in which the electrical conductivity of Cu-doped SiOC ceramic was 9.32 × 10−2 S·cm−1. In order to meet the needs of different fields, the introduction of various metal elements in PDCs is commonly used. There are generally two methods for introducing metal elements. The first is to directly mix the metal (oxide) powders in the ceramic precursors, yet it is difficult to form monodispersed solution; another one is to directly use the metal element-containing polymers, however, the process of constructing polymers containing metal elements is complicated with high cost.



In addition to mixing the dopants with the precursor polymers directly, modification of the precursor polymers [7,8,14,42,56] is also an effective way. Xu et al. [56] used polyhydromethylsiloxane (PHMS) and tetramethyl-tetravinyl-cyclete-trasiloxane (D4Vi) as precursors, and polydimethylsiloxane (PDMS) was added to the precursors, then the three were mixed and crosslinked. PDMS is a pore-forming agent that is quite miscible with ceramic precursors. Using PDMS to modify the ceramic precursor polymers, a porous SiOC ceramic membrane could be prepared after pyrolysis, and pore size and porosity of the ceramic membrane could be adjusted with the content of PDMS modifier. Guo’s group [14] used polyhydroxymethylsiloxane (HPMS) as a precursor to prepare PDCs-SiOC by DLP, however, HPMS did not have photosensitive groups and could not perform DLP. Therefore, γ-methacryloxypropyl trimethoxy (KH570) containing photosensitive groups was used to modify HPMS, making the modified HPMS successfully used in DLP 3D printing. Whether it is direct mixing or modification of the precursor, it is a doping process and has broad application prospects in the functionalization of PDCs.





3. Properties


3.1. Mechanical Properties


As one of the most concerned properties of inorganic Si-based ceramics, mechanical properties are favored by scientists. Researchers are eager to improve the mechanical properties of inorganic Si-based ceramics so that they can be widely used in aerospace, turbine, armor, and other fields. Unfortunately, compared with traditional high-performance ceramics, PDCs release a large amount of small molecule gases (CH4, H2, CO, CO2, etc.) [4] during the transition from polymers to ceramics, generating paths for the release of small molecules. At the same time, emerging forming techniques such as freeze casting and 3D printing have their own disadvantages. The formed green-body is not fully dense but often a porous structure, and the green-body shrinks during pyrolysis. This leads to a large number of cracks and defects in the final ceramics products, which makes the polymer-derived Si-based ceramics have lower mechanical properties. Taking SiC ceramics as an example, the flexural strength of polymer-derived SiC is usually only a few to dozens of MPa. For example, the flexural strength of lightweight porous SiC prepared by Zhang et al. [12] using freeze casting was only 3.7–11.3 MPa. The compressive strength of the high-porosity open-cell SiC foam prepared by Colombo et al. [8] using boron-modified polycarbosilane was only 3.49 ± 0.59 MPa. The flexural strength of SiC prepared by traditional forming methods was often as high as several hundred MPa or even higher. This shortcoming severely limits the application fields of PDCs, and it is urgent to improve the mechanical properties of PDCs.



At present, there are two main methods to improve the mechanical properties of PDCs: doping [5,8,17,70,71] and densification [10,47,72]. As mentioned above, doping is a very important method to functionalize PDCs, and the improvement of mechanical properties is also inseparable from doping. By introducing second phase particles into PDCs, the mechanical properties of PDCs can be greatly improved. The second phase particles can strengthen and toughen PDCs through crack deflection, detour, branching, pinning, and other effects. At present, the commonly used reinforcing phases are Al-salt, Zr-salt, Ti-salt, and so on. Ma’s group [71] used Al-doped polysiloxane as a raw material to prepare a three-dimensional woven carbon fiber reinforced SiAlOC composites. The flexural strength of the composites was 213 ± 13 MPa when pyrolyzed at 1400 °C. The flexural strength of C/ZrC/SiC composites prepared by Hu et al. [73] through PDCs routes could reach 319 MPa. Blugan’s group [70] used titanium ethoxide (TiOET) to modify SiOC ceramics and prepared SiTiOC ceramics with Ti filler up to 30 wt%, with a flexural strength of about 600 MPa. It can be seen that the introduction of doped phases into PDCs can greatly improve the mechanical properties of PDCs. Densification is also a way to improve the mechanical properties of PDCs. There are three commonly used densification processes: polymer impregnation pyrolysis (PIP), chemical vapor infiltration (CVI), and liquid silicon infiltration (LSI). Although these processes have different mechanisms and different densification levels, their purpose is to fill the defects such as pores and cracks of PDCs to achieve densification and improve the mechanical properties of PDCs. This article mainly discusses the functionalization of inorganic Si-based materials, thus these processes are not elaborated upon.



In addition to doping and densification, the oxygen content has a great influence on the mechanical properties of PDCs, especially the high temperature mechanical properties. As Figure 5 shows, Ru et al. [74] analyzed in detail the adverse effects of oxygen impurities on the densification process of SiC ceramics. Experimental analysis shows that oxygen impurities covered the surface of SiC particles in the form of amorphous SiO2. When the oxygen content increased from 0.55 wt% to 2.10 wt%, the relative density dropped from 98.53% to 70.55% (28% decrease), and the hardness dropped from 27.1 ± 0.7 GPa to 6.7 ± 1.1 GPa (75% decrease). If the oxygen content in the sample was too high, it accelerated the carbothermal reduction reaction and released a large amount of small molecular gases, making it difficult to densify the ceramic matrix. At the same time, excessive oxygen content accelerated the abnormal growth and the coarsening of SiC grains during the sintering process and formed a SiOC phase, which decomposed above 1200 °C, resulting in weight loss and strength reduction. In order to prevent abnormal grain growth and achieve high density of SiC ceramics, Ru’s group proposed that the oxygen content of the powders should be limited to less than 1.30 wt%.




3.2. Thermal Properties


The thermal properties of PDCs are very important for their application in high temperature fields, such as high temperature resistant coatings, insulation tiles, etc. The thermal parameters of PDCs mainly include thermal conductivity (K), coefficient of thermal expansion (CTE), specific heat capacity (Cp), thermal diffusion rate (α), thermal shock resistance (TSR), etc. Among them, thermal conductivity is the most concerned thermal parameter, and we mainly focus on thermal conductivity herein. The thermal conductivity of ceramic materials with strong covalent bonds is controlled by phonon transmission [43], and the materials’ microstructure (impurities, crystallinity, grain boundaries, microcracks, micropores, etc.) has a great influence on phonon scattering [41], which in turn affects the thermal properties of materials. Next, we elaborate on the influence of the microstructure of PDCs on thermal performance.



Impurities and crystallinity have a great influence on thermal properties of PDCs. The impurities include two parts—one is the phase generated by PDCs during the heat treatment (here mainly referring to free carbon), and the other is the dopants specially introduced to tailor thermal properties. The precipitation of free carbon has different effects on PDCs in different systems. For the PDCs-SiOC system [75], the precipitation of free carbon significantly increases the thermal conductivity of SiOC. It is because amorphous SiOC has a very low intrinsic thermal conductivity, which is approximately 1.2 W·(m·K)−1 at room temperature. The thermal conductivity of the precipitated free carbon ranges from 2.2 W·(m·K)−1 (amorphous carbon) to 600 W·(m·K)−1 (graphite along the crystallographic direction), thus the precipitation of free carbon significantly increases the thermal conductivity of the PDCs-SiOC system. For the PDCs-SiC system [76], the precipitation of free carbon reduces the thermal conductivity of SiC. This is because the intrinsic thermal conductivity of SiC is higher than that of SiOC. The thermal conductivity [34] of dense crystalline SiC is 200 W·(m·K)−1, and the lowest thermal conductivity of amorphous SiC is 4 W·(m·K)−1. Therefore, the precipitation of free carbon usually reduces the thermal conductivity of the PDCs-SiC system. The thermal conductivity of the PDCs-SiCN system is rarely mentioned in the literature. On the other hand, in order to change the thermal conductivity of PDCs, researchers usually introduce doped phases, in which B-containing compounds are very important. As Figure 6 shows, Xu et al. [41] added boron nitride nanotubes (BNNTs) to PDCs and found that, when the content of BNNTs was 35.4 vol%, the thermal conductivity of PDCs was 4.123 W·(m·K)−1, which was 2100% higher than that of original PDCs. Additionally, the thermal conductivity of PDCs increased with the increase of BNNTs content. When the content of BNNTs increased to 36 ± 5 vol%, the phenomenon of heat conduction percolation occurred. The mechanism by which BNNTs enhance the thermal conductivity of PDCs is described in detail below.



In addition to impurities and crystallinity, defects such as micropores, microcracks, and grain boundaries also have a great impact on the thermal properties of PDCs. The influence of these defects on thermal properties is usually carried out by affecting phonon scattering. Defects such as micropores, microcracks, and grain boundaries tend to aggravate phonon scattering during the phonon transmission process, thus reducing the thermal conductivity. In the above mentioned experiment in which BNNTs enhanced the thermal conductivity of PDCs, Xu et al. [41] believed that PDCs are porous structures, that the thermal conductivity of pores is zero, and that they can scatter phonons. After adding BNNTs, an interface is formed between PDCs and BNNTs, and the interface still scatters phonons. These two effects have a negative impact on the thermal conductivity of PDCs. However, BNNTs have a high thermal conductivity of 200 W·(m·K)−1 [77], and the positive impact on the thermal conductivity of PDCs far exceeds the negative impact caused by micropores and interfaces. Therefore, the thermal conductivity of PDCs increases with the increase of BNNTs content. When the BNNTs content exceeds the percolation threshold (36 vol%) [41], a percolation network is formed, leading to a jump in thermal conductivity. Bernard et al. [43] prepared amorphous Si-B-C powder from B-modified polycarbosilane and adjusted its thermal properties. They found that the porosity of the sintered sample decreased significantly with the increase of the B content, which in turn increased the thermal conductivity of the sample. Santhosh et al. [64] prepared polymer-derived SiCN(O) and SiOC reticulated foams and thermally characterized them. Experimental analysis found that, in the temperature range of 30–850 °C, the linear thermal expansion coefficients of porous SiCN(O) and SiOC foams were 1.72 × 10−6 K−1 and 1.93 × 10−6 K−1, respectively. Additionally, both reticulated foams had extremely low thermal conductivity at room temperature; SiCN(O) was 0.03–0.2 W·(m·K)−1, and SiOC was 0.03–0.6 W·(m·K)−1. It can be seen that the microstructure of PDCs has a great influence on thermal properties.




3.3. Electrial Properties


The electrical properties of PDCs are another important extension of the functionalization of inorganic Si-based materials. Since conductive ceramics have been used in microelectronic systems, pacemakers, lithium-ion battery electrodes, and other fields, researchers have conducted extensive research on the electrical properties of PDCs [34]. There are many electrical parameters of PDCs; here, we mainly discuss the direct current (DC) electrical conductivity of PDCs.



The intrinsic room temperature DC electrical conductivity of PDCs varies widely, usually from 10−10 to 1 S·cm, which depends on phase composition, microstructure, porosity, temperature, and other influencing factors of PDCs [34]. In order to increase the electrical conductivity of PDCs, researchers usually add conductive phases to PDCs. Sorarù et al. [78] doped boron into PDCs-SiOC, which increased the electrical conductivity by two orders of magnitude (from 10−5 to 10−3 S·m). Gospodinova et al. [79] used octadecylamine-modified single-wall carbon nanotubes to enhance the electrical properties of polymer-derived SiCN ceramics. When 0.5 wt% octadecylamine-modified single-wall carbon nanotubes were added, the electrical conductivity increased five orders of magnitude (from 3 × 10−9 to 10−4 S·cm). Zhai et al. [80] prepared bulk SiCN ceramics embedded with anisotropic reduced graphene oxide aerogels (rGOAs) by adding anisotropically rGOAs to SiCN ceramic precursors. Experimental research found that rGOAs formed a conductive network in SiCN ceramics, which effectively improved the efficiency of charge transfer. The 1 wt% rGOAs could increase the electrical conductivity of PDCs-SiCN by eight orders of magnitude (from 10−7 to 157 S·m).



The influence of microstructure on the electrical conductivity of PDCs is mainly on the precipitated free carbon. Free carbon is the main conductive phase in PDCs. Generally, the electrical conductivity of PDCs increases with the increase of free carbon content, the electrical conductivity has a sudden change in the process of increasing, and the percolation threshold (Φc) appears. As Figure 7 shows, the mechanism of the influence of free carbon on the electrical conductivity of PDCs can be divided into three parts [34,81]. When the free carbon content is large enough to far exceed the free carbon required to form a percolation network, the conduction mechanism is the percolation regime, and the conduction of current is achieved by directly transporting charge carriers (such as free electrons). When the free carbon content is only higher than the threshold of the tunneling process between adjacent free carbon clusters without forming a percolation network, the conductive mechanism becomes a tunneling-percolation regime. If the content of free carbon is lower than the tunneling percolation threshold, the conductive mechanism becomes a semiconductor regime.



In addition to phase composition and microstructure, pores and temperature also have a great influence on the electrical conductivity of PDCs. Through theoretical model predictions and experimental studies, Meng et al. [26] found that porosity significantly affects the composition and the nanostructure evolution of polymer-derived SiCN ceramics, which in turn significantly affects electrical conductivity. As the porosity of PDCs increases from 0 to 21.32%, the electrical conductivity decreases from 0.015 to 0.003 S·cm. Xu et al. [6] studied the semiconductor-conductor transition of the PDCs-SiC system during the pyrolysis range of 1200–1800 °C. They found that only by increasing the pyrolysis temperature could semiconductor to conductor transformation of PDCs-SiC be achieved without adding additives. This is mainly because the temperature has a great influence on the evolution of the microstructure of PDCs, which in turn has an influence on the electrical conductivity. As shown in Figure 8, carbon clusters grow laterally by 1200–1400 °C following the 2D grain growth model, and the increase in electrical conductivity can be attributed to the increase in carbon order. At 1500–1600 °C, SiC crystals begin to grow, the carbon clusters are confined to the grain boundaries, and the electric field between the closely packed nanocrystalline carbon increases, resulting in an increase in electrical conductivity. SiC crystals grow excessively by 1700–1800 °C, and free carbon clusters form a continuous network where electrons mainly flow through the carbon network, resulting in high conductivity of the high-temperature-pyrolyzed SiC.




3.4. Dielectric and Electromagnetic Wave Absorption Properties


In the field of national defense, electromagnetic waves emitted by radar can accurately locate the position of the aircraft, thus electromagnetic wave absorbing materials have attracted extensive attention from researchers. An excellent electromagnetic wave absorbing material should meet the following requirements [55]: (i) strong absorption capacity and impedance matching characteristics, which means small reflection coefficient (RCmin); (ii) wide effective absorption bandwidth (EAB, RCmin is less than the corresponding frequency range of −10 dB); (iii) low density and high temperature stability; (iv) good mechanical properties. Among all electromagnetic wave absorbing materials, PDCs have attracted increasing attention due to their controllable microstructure, lightweight, outstanding mechanical properties, and wide absorption [19,27,28,30,32,44,45,82] features.



PDCs are often not used alone for electromagnetic wave absorption materials. By introducing dopants, PDCs have stronger electromagnetic wave absorption capabilities. According to the electromagnetic wave loss mechanism, the dopant can be divided into magnetic loss materials and dielectric loss materials [28]. Magnetic materials [27,28,52] (such as Fe, Co, Ni) mainly dissipate electromagnetic waves through natural resonance or eddy current loss, while dielectric loss materials [83,84] (such as carbon and graphene) mainly dissipate electromagnetic waves through conduction loss and polarization loss. Therefore, the electromagnetic wave loss mechanism of PDCs is often a combination of magnetic loss and dielectric loss. Gong et al. [28] incorporated Co nanoparticles into SiCN ceramics derived from polysilazane and found that some Co nanoparticles could react with carbon to form magnetic Co3C particles, which made SiCN ceramics magnetic and greatly increased the magnetic loss of SiCN. When the Co content was 2 wt% and the thickness was 3 mm, RCmin was −10.9 dB and EAB was 3.3 GHz. At the same time, Gong et al. [27] also found that adding NiO to SiCN ceramics could not only increase the magnetic loss of SiCN ceramics, but Ni as a catalyst could induce the generation of carbon nanotubes (CNTs), which greatly increased the dielectric loss of SiCN ceramics; RCmin was −48.5 dB and EAB was 0.6 GHz at 15.1 GHz. Ding et al. [44] directly added functionalized CNTs to the SiOC precursor. The functionalization of CNTs was to introduce –COOH to better disperse CNTs. Experimental research found that, when the CNTs content was 7.5 wt% and the thickness was 2.5 mm, the RCmin of the CNTs/SiOC nanocomposite at 10.15 GHz was −60.4 dB and the EAB was 3.11 GHz.



In the previous section, we mentioned that Yin et al. [30] used PDCs-SiCN modified with carbon nanowires (CNWs) network to prepare efficient microwave absorbing materials. RCmin reached −51 dB at a thickness of 2.7 mm, and the EAB was 3.0 GHz, showing excellent microwave absorption performance. This is because CNTs and CNWs materials have a unique one-dimensional structure with a relatively low percolation threshold, which makes it easy to form an effective conductive network [85]. In the dielectric loss, in addition to increasing the conduction loss of PDCs, CNWs have large specific surface area, rough surface, and abundant pits/defects, which also increase the polarization loss of PDCs [86]. Figure 9 depicts the attenuation process when electromagnetic waves interact with PDCs-SiCN/CNWs composites [30]. When the incident electromagnetic wave and the composite material reach impedance matching, a small amount of electromagnetic wave is reflected, and the remaining electromagnetic wave penetrates into the composite material. Once the electromagnetic wave enters the composite material, the unique hierarchical porous structure of CNWs can repeatedly scatter the incoming electromagnetic wave. Therefore, it is difficult for electromagnetic wave to leave the composite material before being attenuated. At the same time, as a typical carbon material, CNWs have excellent electrical conductivity. When CNWs form a conductive network, once an electric field is applied, the incident energy can be converted into current, resulting in strong conduction loss. Moreover, the polarization caused by the internal defects of CNWs also makes a great contribution to the stronger polarization loss. Therefore, many researchers have focused on the development of electromagnetic wave absorbing materials with special microstructures, including porous structures, core-shell structures, and heterostructures. These electromagnetic wave absorbing materials can greatly enhance the electromagnetic wave absorption performance due to interface polarization, multiple reflections, and synergistic effects [19,87,88,89,90].





4. Challenges and Prospects


The development of PDCs has a history of 50 years. In the past 50 years, researchers have conducted extensive explorations on the functionalization of polymer-derived Si-based ceramics. However, current research on optimization of microstructures and physical properties of PDCs is still limited, and many investigations on the functionalization of PDCs are still limited to the laboratory as well. These will be challenges for future research in this field. In recent years, the multi-combination of PDCs process and 3D printing techniques, biomass-derived ceramics, and biocompatibility of functionalized PDCs has attracted increasing attention. At the same time, further improving the functional characteristics of PDCs and broadening the application fields of PDCs are still hot topics in international material-related conferences. Developments of PDCs materials will have broad prospects in the near future.




5. Conclusions


In this review, we summarized the research progress and the trends of PDCs in recent years, especially the past three years. Fabrication techniques (traditional preparation, 3D printing, template method, freezing casting techniques, etc.), microstructural tailoring mainly via additive doping, and properties (mechanical, thermal, electrical, as well as dielectric and electromagnetic wave absorption properties) of Si-based PDCs were explicated. Meanwhile, challenges and perspectives for PDCs techniques were proposed as well, with the purpose to enlighten multiple functionalized applications of polymer-derived Si-based ceramics.
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Figure 1. A model of polymer derived ceramics (PDCs) nanodomain (a); high-resolution TEM micrographs of the typical amorphous structure of PDCs (c) pyrolyzed at 1000 °C. The inset (b) displays the selected area electron diffraction (SAED) patterns, indicating the amorphous feature. The inset (d) shows a basic structural unit (BSU) of free carbon with an interplanar distance of around 0.34 nm between the graphene layers; the structural evolution of PDCs at different pyrolysis temperatures: >600 °C (e), >800 °C (f), >1000 °C (g) and >1400 °C (h) [34]. Reproduced with permission from Yu Z., Prog. Mater. Sci.; published by Elsevier, 2020. 
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Figure 2. Schematic of the fabrication of SiOC samples with complex architecture from 3D printing and origami technique [13]. Reproduced with permission from Huang K., Addit. Manuf.; published by Elsevier, 2020. 
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Figure 3. Schematic of impregnating polyurethane (PU) foam with precursor solution to prepare porous SiCN(O) and SiOC mesh foams (a); schematic of preparing high-porosity open-cell SiC foam with polymethyl methacrylate (PMMA) beams as pore-forming agent (b); hollow SiOC ceramic filaments (c); three steps of freeze casting (d) [8,46,64,68]. (a) reproduced with permission from Santhosh B., Ceram. Int.; published by Elsevier, 2020. (b) reproduced with permission from Santhosh B., J. Eur. Ceram. Soc.; published by Elsevier, 2019. (c) reproduced with permission from Kulkarni A., Addit. Manuf.; published by Elsevier, 2020. (d) reproduced with permission from Sylvain D., Adv. Eng. Mater.; published by Wiley, 2008. 
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Figure 4. The influence of hierarchical carbon nanowire network on electromagnetic wave absorption properties of PDCs-SiCN. Without hierarchical carbon nanowire network (a); with 5.61 wt% hierarchical carbon nanowire network in PDCs-SiCN (b). The smaller the minimum reflection coefficient, the better the electromagnetic wave absorption properties of the PDCs-SiCN [30]. Reproduced with permission from Ren F., Ceram. Int.; published by Elsevier, 2019. 
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Figure 5. Effect of oxygen content on the mechanical properties of SiC: linear shrinking ratio and weight loss rate (a); relative density and apparent porosity (b); flexural strength and fracture toughness (c); hardness (d) [74]. Reproduced with permission from Feng D., Ceram. Int.; published by Elsevier, 2019. 
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Figure 6. Influence of boron nitride nanotubes (BNNTs) content on thermal conductivity of PDCs [41]. Reproduced with permission from Xu C., J. Am. Ceram. Soc.; published by Wiley, 2019. 
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Figure 7. Models for microstructure of PDCs in different conducting regimes: (a) the free carbon content is large enough; (b) the free carbon content is only higher than the threshold of the tunneling process; (c) the free carbon content is lower than the tunneling percolation threshold. (1), (2), and (3) are SiC-based nanodomains, free carbon ribbons, and α-SiC nanoparticles, respectively [34]. Reproduced with permission from Yu Z., Prog. Mater. Sci.; published by Elsevier, 2020. 
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Figure 8. The effect of temperature on the evolution of microstructure. (a) 1200 °C: Carbon clusters in amorphous PDCs-SiC, (b,c) 1300 °C–1400 °C: growth of carbon clusters and crystallization of small amount of SiC, (d) 1500 °C: splitting of carbon clusters into nanocrystallized carbon, (e) 1600 °C: the migration of carbon structure toward the grain boundary of silicon carbide, (f) 1700 °C: excessive grain growth of SiC and formation of grain boundaries; the carbon segregated along the grain boundary forming a network of turbostratic carbon along the grain boundary of SiC [6]. Reproduced with permission from Xu C., J. Am. Ceram. Soc.; published by Wiley, 2019. 
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Figure 9. Schematic illustration of the interaction of electromagnetic wave with the wires and possible electromagnetic absorption mechanisms in carbon nanowires (CNWs)/SiCN composite ceramics [30]. Reproduced with permission from Ren F., Ceram. Int.; published by Elsevier, 2019. 
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