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Introduction   1 

1. Introduction  

 

The continuously increasing energy demands of modern society impose new challenges to existing 

environmental problems notably, the climate change by greenhouse gas emissions. Reaching a 

ejm`_j u_pkgle §ucjj `cjmu 0 ĕAµ `w 0.3. pcosgpcq d_qr _argmlq rm pcbsac the use of fossil fuels. 

Among all hydrocarbon fuels only natural gas faces a moderately secure position as a bridge to a 

low-carbon future. Gas has lower emissions than oil and coal, but is still a carbon-based fossil fuel 

with limited availability. For its extensive use, a significant development of Carbon Capture and 

Sequestration (CCS) technologies is required. The so-a_jjcb §epccl a_p`mlµ rcaflmjmew enables the 

usage of carbon-based sources with high efficiency and in an environmentally friendly manner. 

Additionally, the green carbon strategy preserves carbon resources for high-value chemicals rather 

than to use them for direct combustion with  low efficiency [8, 9] . In any scenario, a new energy 

economy based on (solar) hydrogen as energy carrier will develop [8, 10] .  

An important challenge of renewable energy sources is their inaccessibility/lower output at a 

certain time of a day or a year. This implies efficient and cheap energy storage as the main aspect 

in the green economy scheme. The development of rechargeable batteries over the past 150 years 

from lead-acid cells in the 1850s to Li-ion batteries (LIBs) in the 1990s is considered as driving 

force for technological progress [11 -17] .  

The Li-ion cell, originally designed and commercialised by Sony in the 1990s, consists of a graphite 

anode, a metal oxide cathode and a liquid electrolyte. In the past decades, scientific and 

technological progress enabled a significant improvement in  the safety, performance and lifetime 

of the cells but almost no progress concerning basic electrochemical processes has been made. 

Currently, there is a strong demand for higher energy densities to satisfy the significantly increased 

energy consumption of portable electronics, to extend the driving range of electric vehicles and to 

provide safe, high capacity reservoirs for renewable energy. The low energy density of Li-ion cells 

causes limited driving range. The large amount of raw materials required raises the price of the 

battery and limits their application in electrical grids. Thus, the research is nowadays focused on 

increasing the energy density of cathode and anode active materials, while diminishin g their price. 

A real break-through is, however, expected from new battery chemistries, beyond intercalation 

[11, 12] . 

In this work, new materials with a tailored microstructure and composition are developed and 

tested in the green energy technology. In the first part, the detailed study of silicon-based 

nanocomposites stabilising the Si anode in a half-cell is presented. The improvement of the 

intrinsically poor cycling stability of silicon opens up the possibility to use alloying-type anodes 

long-awaited for post-lithium -ion batteries. The second part of this thesis discloses a de novo 
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invented synthesis route for porous Si-based ceramics using simple chemical tools. The highly 

efficient and cost-effective method provides hierarchically porous materials also suitable for, e.g., 

CO2 gas capture and storage. 
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2. Fundamentals 

 

This chapter deals with lithium -ion batteries and the fundamentals of their working principle. 

Various materials and governing chemistries will be introduced. The focus will be on challenges 

related to the use of silicon as anode material. In addition, it  describes the concept of polymer-

derived ceramics (PDCs), with the focus on composites based on PDCs as matrix material. It also 

includes a brief overview of porous ceramics used for energy applications. 

 

2.1. Lithium -ion battery  

2.1.1. Basic concepts and electrochemical principles 

 

This chapter introduces the working principle of the lithium -ion battery together with the basic 

electrochemical equations and concepts [18, 19] . 

§? `_rrcpw a_l `c bcdined as a system that uses electrochemical reaction to directly convert the 

afckga_j clcpew md _l cjcarpmbc k_rcpg_j glrm cjcarpga clcpewµ[19] . In general, batteries can be 

classified as primary and secondary batteries. Primary batteries are used only once and 

subsequently disposed, while secondary batteries allow for recharging  or multiple use, 

respectively. Looking more closely, a battery usually consists of one or more interconnected 

electrochemical cells. For large-scale applications, the electrochemical cells are grouped into 

separate modules. The cells form a battery system together with interconnecting circuits, safety 

and temperature management.  

An electrochemical cell consists of two electrodes, denoted as cathode and anode, the current 

collectors, the electrolyte, the separator and the housing. Due to the reversible process at both 

electrodes, secondary batteries are by convention named after their function during the discharge 

process. Thus, the more negative electrode is called an anode and the more positive electrode is 

called a cathode. Lithium secondary batteries are based on lithium ions (Li+ ) migrating between 

the cathode and the anode through an organic electrolyte, while electrons migrate via an external 

circuit. A schematic drawing of a secondary Li-ion cell is shown in Figure 1. Eq. 1 describes the 

electrode reactions during charge/discharge, with the graphite anode and LiCoO2 cathode. The 

charge process consists of imposing the external voltage/current promoting the oxidation of the 

cathode and the release of lithium ions. The electrons transferred via external circuit reduce the 

anode, and lithium ions are inserted for the charge equilibration. During discharge, the anode is 

oxidised, while the Li-ions are released into the electrolyte. The electrons are supplied to the 

external circuit.  The charge carriers are transferred to the cathode which is subsequently reduced.  
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/ÖÅÒÁÌÌ ÃÅÌÌ ÒÅÁÃÔÉÏÎ   

 

The basics of battery electrochemistry  

 

The intrinsic voltage of electrochemical cells at equilibrium is controlled by the Nernst equation. 

The Nernst equation can be derived from the Gibbs free energy relationship shown in Eq. 2 [18, 

19] .  

ЎὋ ὲὊὉ Eq. 2 

where n is the number of electrons involved in the oxidation/reduction reaction, F is the Faraday 

constant, and E is the cell voltage (also known as electromotive force (emf)).  

 

Knowing that   ЎὋ ЎὋÏ ὙὝÌÎὗȟ it follows after division of both sides by ɀὲὊ that:  

Ὁ
ЎὋÏ

ὲὊ

ὙὝ

ὲὊ
ÌÎὗ  

where ὗ Бὥ  and ὉÏ
Ў Ï

  leads to: 

Ὁ ὉÏ
ὙὝ

ὲὊ
ÌÎὗ Eq. 3 

When considering the following electrochemical reaction: 

ὥὃ ὦὄ ὧὅὨὈ  

Eq. 3 can be rearranged and the voltage of the system can be expressed by: 

Ὁ ὉÏ
ὙὝ

ὲὊ
ÌÎ
ὅ Ὀ

ὃ ὄ
 Eq. 4 

where E0 is the standard electrode potential, R is the gas constant, T is the absolute temperature 

in Kelvin, [A] -[D] are the concentrations of each species, and a-d the corresponding stoichiometric 

coefficients.  

When the reaction reaches equilibrium, Q becomes equal to K, where K is the equilibrium constant 

of the cell reaction. It is important to note that the chemical reaction at equilibrium does not 
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generate a potential difference between the electrodes of a galvanic cell. This allows to set E = 0 

and Q = K in the Nernst equation (Eq. 3) leading to 

ÌÎὑ
ὲὊὉÏ

ὙὝ
 Eq. 5 

The specific charge capacity q describes the amount of charge stored (released) per mass/volume 

of reactants during the operation of the battery (Eq. 6). The unit of q is ampere-hour per 

kilogram/liter ( Ah·kg-1; Ah·L-1).  

ή
ᾀὊ

ά
 Eq. 6 

The specific energy density W is derived from the change in Gibbs free energy per mol of reaction, 

divided by the mass of the reactants as shown in Eq. 7. The unit is watt -hour per kilogram 

(Wh·kg-1).  

ὡ
ᾀὊϽЎὉÏ

ά
 Eq. 7 

The energy that can be derived per unit of time is defined as the power P of a battery and shown 

in Eq. 8. When the power is considered per mass of the electrochemical cell, it is referred to as the 

specific power p and is defined according to Eq. 9. The unit of p is watt per kilogram ( W·kg-1).  

ὖ ὭϽὉ Eq. 8 

ὴ
Ὥ ϽὉ

ά
 Eq. 9 

The coulombic efficiency – is defined as the ratio between the recovered and the inserted charge 

according to Eq. 10. It is important to note that the irreversible losses during the first cycle are 

generally caused by the formation of the so called Solid Electrolyte Interface (SEI) and the trapping 

of Li-ions in the electrode material. 

–
ή

ή
 Ͻρππ Ϸ Eq. 10 

 

Figure 1: Schematic drawing of the lithium-ion cell. Lithium ions shuttle between electrodes through electrolyte, while 

electrons are transferred via external circuit. Reproduced from Ref. [19]  with permission of the WILEY-VCH.  
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2.1.2. Material aspects 

 

The electrodes used in current LIBs comprise of a material responsible for the storage of the lithium 

ions, a binder and a conducting agent (denoted as additives). Typical active materials used as 

cathode (Table 1) include the initially developed LiCoO 2 (LCO) and LiMn2O4 (LMO). Since 

LiNixMnyCo1-x-yO2 (NMC) has the same R3-m layered structure as LCO, it is a promising alternative 

due to the higher stability  against thermal overoxidation. Another widely investigated and highly 

competitive material with a layered R3-m structure is LiNi0.80Co0.15Al0.05O2 (NCA). Its main 

advantage over LCO is the much higher capacity. LiFePO4 (LFP) with an olivine structure and good 

thermal stability is the perfect candidate for high rate applications. Each of the listed materials 

displays different and unique features qualifying them for diff erent applications. Table 1 gives a 

brief summary of the main properties, including some advantages/disadvantages, and the common 

application at the present time [11, 19 -23] .  

As anode material, graphite (natural and artificial) is frequently commercially used.  It also serves 

as a universal reference in evaluating new anode materials. Apart from graphite, there is a wide 

variety of anode materials electrochemically active for lithium storage at low potentials. Depending 

on the storage mechanism, they can be classified into three different categories: i) intercalation, 

ii) alloying and iii) conversion materials. Graphite stores lithium ions by intercalating them 

between graphene layers during lithiation, getting reduced in the process. Additionally, the 

stacking order in the graphitic host material along c -direction changes from ABAB to AAAA. The 

highest stoichiometry at room temperature is LiC6, which results in the theoretical capacity of 

372 mAh·g-1 [11, 19, 23, 24] .  

Table 1: Properties of various cathode materials used in the commercial lithium ion battery. Reproduced from Ref. [23]  

with permission of the Journal of The Electrochemical Society.  

Cathode 

Material  

Midpoint 

voltage vs. 

Li (C/20)  

Specific 

Capacity Advantages Disadvantages Applications  

LCO 3.9 155 In common use, good 

energy 

Moderate charged state 

thermal stability  

Mainly smaller portable 

electronics 

LMO 4.0 100-120 Very good thermal 

stability, inexpensive, 

very good power 

capability 

Moderate life cycle, lower 

energy 

Higher power 

applications such as 

power tools and electric 

motive power 

NCA 3.7 180 Very good energy, 

good power capability, 

good life cycle  

Moderate charged state 

thermal stability, sensitive 

to moisture even in 

discharged state 

Excellent for motive 

power and premium 

electronic applications 

NMC 3.8 160 Very good combination 

of properties (energy, 

power, life cycle and 

thermal stability)  

Patent issues Both portable and high-

power applications 

including power tools 

and electric vehicles 
LFP 3.4 160 Very good thermal 

stability and life cycle, 

good power capability 

Lower energy, special 

preparation conditions, 

patent issues 

Mainly used in high 

power such as power 

tools and energy 

storage applications 
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The specific capacities of the anode and cathode materials, together with their operating voltages, 

are the main factors contributing to the energy density of a rechargeable battery. Concerning the 

calculation of the total cell capacity (Ctotal), the mass specific contribution Qm of the inactive cell 

components (binder, separator, electrolyte, outer cases, etc.) also has to be taken into account 

[25] : 

ὅ
ρ

ὅ

ρ

ὅ

ρ

ὗ
  

In order to enhance the total cell capacity, it is either possible to increase the specific capacities of 

the active materials or to diminish the contribution of inactive cell components. Inactive cell 

components, including binders, separators, outer cases and the major components of the 

electrolyte (solvent, salt), appear to have little room for further improvement [11] . Accordingly, 

for a breakthrough new redox reactions, beyond conventional intercalation, between charge-

carrier ions and new host materials have to be investigated. Rather limited energy densities are 

characteristic of intercalation-based materials due to the relatively small number of 

crystallographic sites for storing charge-carrier ions. Thus, electrodes that are based on solid-state 

(alloying and conversion) or gas-phase reactions attract interest. In the first part of this work the 

main emphasis will be therefore on electrodes which are based on the alloying mechanism to store 

lithium ions, more specifically to silicon based nanocomposites. 

 

2.1.3. Silicon alloying anodes and nanocomposites  

 

Silicon and silicon oxide (SiOx)-based materials have been considered to be promising alternatives 

to graphite for the next generation of Li-ion batteries. Compared to the commercially used 

graphite, Si has quite a low working potential (<  0.5 V versus Li/Li+ ) a about ten times higher 

specific capacity (3579 mAh·g-1 for Li15Si4) [25 -29] .  

Despite these advantages, large volume changes (>  280 %) during alloying/ dealloying with 

lithium hinder the  commercial application of silicon-based anodes. Volume expansion results in 

the disintegration of the electrode followed by the loss of the electric contact between the active 

material and the current collector, inevitably causing the capacity to fade. Furthermore, it also 

leads to an unstable solid-electrolyte interface (SEI) which causes the thickening of the SEI and, 

hence, a low Coulombic efficiency (CE) [30, 31] . Several advanced nanomaterial-design strategies 

have been developed to mitigate the volume expansion and to insure a stable SEI on the silicon 

electrode. To address only the most prominent: (i) keeping the size of silicon nanoparticles below 

a threshold value (about 150 nm) [32] , (ii) embedding nanosilicon particles into an active or 

inactive matrix [33 -41] , (iii) synthesis of nanosilicon-carbon composites with free volume around 

the silicon particles [ 25, 42-46] , (iv) chemical bondi ng of silicon nanoparticles to a binder or 
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conductive additive [47 -53] , (v) preparation of nanowires, nanotubes, nanostructured particles 

[54 -57] , etc. These approaches indeed have led to a significant improvement of the life cycle and 

the specific capacities. However, complex preparation procedures and expensive starting materials, 

together with a relatively low electrode mass loading, still limit their practical application.  

A promising approach concerning the fundamental problems of Si as anode was reported by Bao 

et al. [58] . It was shown that the reduction of SiO2 in the presence of magnesium leads to nano-

structured Si. Significant amount of work has been done ever since in order to optimize this 

procedure and to prepare nanostructured porous silicon materials for battery applications [59 -64] . 

The generated porosity results in a large surface area accessible to the electrolyte, a short Li-ion 

diffusion path  and void spaces necessary for volume expansion, ultimately leading to an effective 

release and/or homogeneous strain-stress distribution within the structure. Lin et al. [65]  showed 

that temperatures as low as 250 °C are sufficient to prepare crystalline Si nano-particles in high 

yields using aluminothermic or magnesiothermic reduction. Extensive research focusing on 

optimizing the procedure and choosing raw materials suitable for cost effective production of 

nanostructured silicon [66 -68]  has been conducted since. 

However, the use of nanostructured materials causes new challenges due to their high specific 

surface area and reduced particle size [29, 69] . Although high surface-to-volume ratios can boost 

the transfer of lithium from the solvent to the active material achieving high rates and solve issues 

caused by volume changes, such electrodes at the same time suffer from a poor volumetric storage 

capacity.  

Even though high surface area is an inherent feature of nanostructured materials, the 

electrode/electrolyte surface area need to be tuned by engineering their secondary structures. 

Embedding nanostructured silicon in an inexpensive matrix, capable of providing sufficient ion 

and charge transfer, achieving additional storage capacity and acting as electrolyte-blocking layer 

could be a promising solution to the abovementioned problems with nanostructured silicon. 

Primary Si nanoparticles have the necessary void space required to mitigate volume changes while 

µm-sized secondary particles, composed of Si and matrix material, help to reduce the specific SEI. 
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2.2. Polymer-derived ceramics 

2.2.1. General background 

 

Preparation of advanced, polymer-derived ceramics (PDC) by pyrolysis of organo-silicon 

preceramic polymers attracted great interest in the past decades. This method allows for a 

synthesis of complex ceramic systems that are generally not accessible through other classical 

methods like the powder route or chemical vapour deposition (CVD). Furthermore, the 

micro/nano structure of the final ceramic product can be designed and tailored at the molecular 

level. Choosing suitable preceramic polymers allows for the preparation of ceramic products 

without the need for additives or sintering agents. Well -established polymer forming techniques 

could be used to obtain complex ceramic shapes [70] . 

Historically, synthesis of non-oxide ceramics from molecular precursors was first reported by 

Ainger and Herbert [71]  and by Chantrell and Popper [72]  in the early 1960s. However, the first 

practical transformation of preceramic polymers to ceramic products came almost one decade 

later, when Verbeek, Winter and Mansmann [73 -75]  succeeded in the preparation of small-

diameter Si3N4 and SiC ceramic fibres from polysilazane, polysiloxane and polycarbosilane 

precursors. Similarly, in the 1970s, Yajima reported on the innovative process of preparing SiC-

based ceramic fibres by the thermolysis of polycarbosilanes [76 -78] . Further achievements in the 

1980s allowed for the fine tuning of the ceramic microstructure by controlling the chemical 

compositions of polyorganosilicon precursor [79 -81] . In order to compete with traditional 

ceramics, PDCs have to acquire specific properties (novel composition or particular shapes) and 

have to be affordable and easy to implement in industrial processes. After the early studies on the 

classical binary (Si3N4, SiC) or ternary (SiCO, SiCN) ceramics, significant efforts have been made 

to develop quaternary and multinary component ceramics. Introducing additional constituents into 

the ternary framework (B, Al, Hf, Zr, Ti, etc.) made it possible to achieve an exceptionally high 

resistance to temperature and oxidation or to impart certain functionalities to the ceramic 

(electrical conductivity, ferromagnetic behaviour, etc.) [82 -101] . PDCs additionally proved their 

versatility as suitable materials for energy storage. This aspect will be addressed in more details in 

Chapter 2.2.2 and Chapter 2.2.3. 

SiOC and SiCN belong to the family of polymer -derived ceramics made from the preceramic 

organosilicon polymers with the general formula shown in Figure 2. The composition and 

microstructure of the final ceramics obtained after pyrolysis in a controlled atmosphere (inert or 

reactive gasses) strongly depend on the class of silicon-based polymers employed. This makes it 

possible to prepare various chemical compositions by the tuning of the molecular structure of the 

preceramic polymer. Another important step in the preparation of PDCs is crosslinking. It allows 
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for an increase of the ceramic yield by inhibiting the fragmentation and the loss of the components 

with a low molecular weight during pyrolysis. Depending on th e preceramic polymer, crosslinking 

can be achieved through: thermal crosslinking, addition of chemical reagents (catalysts or 

peroxides), free radical initiation, UV -curing, exposition to moisture and oxygen [102, 103] . The 

final step in the preparation of  the ceramic product is pyrolysis at temperatures Ó 800 °C [104] .  

SiOC ceramics are generally prepared from crosslinked polysiloxanes. As an alternative, the sol-

gel processing is also widely applied. Hereby, functionalized silicon monomers are reacted to form 

a gel which is subsequently converted into a ceramic. The sol-gel method also allows for a precise 

tailoring of composition. However, poor scalability limits its commercial application [105 -130] . 

During pyrolysis in inert atmosphere, the silicon oxycarbide network is formed from Si -centred 

tetrahedral sites with O and C atoms sitting at the corners bridging two or more Si-tedrahedra 

[111] . Furthermore, carbon/silica enriched regions are created depending on the carbon content 

in the final ceramic. A part of the carbon atoms segregates forming a sp2-hybridised carbon, often 

a_jjcb §dpcc a_p`mlµ nf_qc[107, 131 -134] . TEM studies and electrical conductivity measurements 

showed that depending on the amount of segregated carbon, either carbon nano-domains or a 

percolating carbon network will form [135 -137] . Latter frequently occurs in the qm a_jjcb §a_p`ml-

pgafµ acp_kgas, in which the content of carbon typically exceeds 20 wt.% [104] . The chemical 

composition of the SiOC matrix  can be expressed as: SiCxO2(1-x) + yC free where SiCxO2(1-x) represents 

the chemical composition of the amorphous SiOC matrix , and yCfree the carbon phase [119] .  

Similar to SiOC, SiCN ceramics can be prepared from crosslinked polysilazanes or 

polysilylcarbodiimides. During  pyrolysis in an inert atmosphere, polysilazane converts to an 

amorphous ceramic amlqgqrgle md _ §kgvcb `mlbqµ amldgesp_rgml &qgkgj_p rm QgMA acp_kgaq

discussed above), with tetrahedrally coordinated silicon atoms bonded to carbon/nitrogen in  

configurations ranging from SiC4 via SiC3N, SiC2N2 and SiCN3 to SiN4. In contrast, the pyrolysis of 

polysilylcarbodiimides leads to the formation of an amorphous nanocomposite comprised of Si3N4, 

SiC and a segregated carbon phase [104, 138 -142] . 
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Figure 2: Chemical formulas of different organosilicon polymers and schematic representations of the corresponding 

microstructure after pyrolysis [70, 104, 131, 138].  

 

2.2.2. SiOC and SiCN as an active insertion host 
 

In the past two decades, SiOC and SiCN attracted a lot of attention as perspective Li-ion storage 

hosts. The pioneering work of Dahn`s group [143 -149]  showed that it is possible to achieve first 

cycle reversible capacities up to 560 and 640 mAh·g-1 for SiCN and SiOC, respectively.  

Among the various SiOC chemical compositions tested ever since, ceramics with an exceptionally 

high carbon content proved to be the most promising. They exhibited the highest gravimetric 

capacities (up to 900 mAhÖg-1), good rate capabilities (up to 200 mAhÖg-1 at 2C rate) and reliable 

cycling stability of more than 200 cycles [150 -164] . The major drawback of SiOC anodes is the 

low first cycle Coulombic efficiency of ~70%. Furthermore, a large hysteresis, namely the 

difference in the extraction and insertion potential, significantly limits the electrochemi cal 

performance of the cell [165 -167] . Even though the mechanism of Li-ion storage in SiOCs is still 

not fully explored, three electrochemically active sites have been identified by 7Li-MAS-NMR 

measurements [150, 151, 153, 168 -171] . Major contributions are assigned to interstitial sites and 

edges of the carbon layers, while another part of the Li -ions are stored in the micropores. Moreover, 

the similarity of the voltage profiles of carbon -rich SiOC ceramics and amorphous carbon confirms 
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that the major Li -ion storage sites are within the free carbon phase of the ceramic microstructure 

[150, 158, 161, 172] . According to the results of ab-initio studies, amorphous SiOC network 

impacts Li insertion in SiOC by lowering the chemical potential (energy levels) of carbon [173, 

174] .   

In comparison to SiOC ceramics,  little work has been done on polymer-derived SiCN ceramics as 

anode material since the first publication in late 1990s [143] . Almost one decade later, Kolb et al. 

reported on commercially available polysilazane (VL20) as a precursor for SiCN based electrodes 

[175] . The reported capacities of 39 mAh·g-1 indicated that the obtained ceramics are almost 

inactive for lithiation. However, composites based on the VL20 polysilazane and graphite showed 

reversible capacities of 474 mAh·g-1 being 30% higher than the capacity obtained for the reference 

electrode (graphite). Significantly improved electrochemical properties of composite materials 

have also been reported in the following years for SiCN-based electrode materials [161, 176 -183] . 

Single-source precursor derived SiCN ceramics also showed a stable electrochemical behavior with 

reversible capacities up to ~300 mAh·g-1 [184 -187] . Reinold et al. [188] , reported the excellent 

performance of carbon-rich SiCN materials and discussed the influence of the microstructure of 

the ceramic on the electrochemical performance. Solid state NMR studies on carbon-rich SiCN 

clearly identified the  free carbon phase as the main lithium storage site [189, 190] .   

Currently, it is accepted that replacing oxygen with nitrogen in PDCs renders Si-ceramic network 

less attractive for lithium ions, leading to an almost complete electrochemical inactivity of the 

carbon-poor SiCN ceramics. In contrast, the more ionic character of Si-O bond in SiOC ceramics 

leads to very high initial lithiation capacities even at low carbon content. However, it is important 

to note that carbon-poor ceramics show no cycling stability (almost all Li-ions are trapped 

irreversibly in ceramic matrix). When carbon-rich systems are considered, significant differences 

between SiOC and SiCN ceramics have been observed.  The carbon phase has no significant impact 

on the first cycle lithiation and delithiation capacities of SiOC, whereas for SiCN the capacity 

increases with the carbon concentration until a threshold value is reached (~50 wt.% of carbon). 

The carbon-rich ceramics generally exhibit high cycling stabilities and high reversible capacities 

[161, 163, 164, 168, 176, 189] .  

In summary, a better understanding of the Li storage sites in silicon oxycarbide and carbonitride 

glasses is of vital importance for overcoming the existing limitations of this anode type, while 

maintaining its advantages. 
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2.2.3. SiOC and SiCN as stabilizing matrix  
 

Graczyk-Zajac et al. and Feng et al. showed that graphite or CNTs embedded into the SiCN strongly 

improves electrochemical performance, particularly at high current rates [176, 178, 179, 183, 190, 

191] . These investigations have revealed that the ceramic SiCN phase prevents the exfoliat ion of 

graphite and thus stabilizes the electrode material during cycling. Furthermore, highly disordered 

carbon derived from potato starch/divinyl benzene embedded into the Si(O)CN matrix proved to 

have good capacities and rate capabilities [180, 181] . Similar behaviour was observed when SiOC 

ceramics were used as matrix materials for: graphite [192] , CNTs [193, 194]  or graphene [195] . 

Kaspar et al. [196]  reported on preparing SiOC/Sn nanocomposites by the single-source synthesis 

method. Polysilsesquioxane Wacker-Belsil PMS MK (resulting in low carbon content SiOC ceramic) 

and polysiloxane Polyramic RD-684a (resulting in carbon-rich SiOC ceramic) have been 

functionalized with tin(II)acetate. The carbon -rich ceramic/tin composite showed great cycling 

stability and rate capability with initial cycle reversible capacities of 651  mAh·g-1.  

Embedding Si in a PDC-based matrix makes it possible to accommodate the stress caused by 

alloying with lithium. Reinold et al. [197]  reported on the advantage of using polymer-derived 

SiCN ceramic as an inactive matrix for crystalline silicon nanopowder (30-50 nm). The authors 

stated a protective character of the SiCN matrix in terms of SEI stabilisation for samples prepared 

at 1100 °C. However, no discussion about cycling stability nor capacities was provided. Kaspar et 

al. [198]  and Liu et al. [199]  prepared composite materials based on silicon nanoparticles 

dispersed in a polymer-derived and sol-gel derived SiOC matrix, respectively. Kaspar et al. used 

polyorganosiloxane Polyramic RD-684a (PolyR) mixed with either crystalline (30 -50 nm) or 

amorphous (36 nm) silicon and pyrolysed under argon at 1100 °C. The samples obtained exhibited 

a strong difference in stability depending on the silicon nanopowder used. The sample based on 

the amorphous silicon showed a capacity retention of 88% after 100 cycles, while the electrode 

containing crystalline silicon rapidly broke down due to the rupture of the ceramic matrix. Liu et 

al. prepared their composites by the sol-gel method. Electrochemical studies of the prepared 

composites showed a rapid capacity decay; only 73% of the initial values were recovered after only 

30 cycles. 

 

2.2.4. Porous polymer-derived ceramics for energy applications  

 

Over the last decade, immense research has been focused on the synthesis and application of 

hierarchically organized porous materials [200, 201] . This subject became a hot topic and it will 

continue to gain interest due to the variety of important applications of porous and high surface 

area materials as sensors, chemical reactors, electrodes, gas storage media, molecular sieves, 



 

14  Fundamentals 

membrane supports, lightweight structural materials, thermal insulators, bioimplants, etc. [202, 

203] . In this chapter, a brief introduction to  porous materials and their main applications are 

presented. Special focus is given to the CO2 capture together with a short summary of the most 

important findings on porous PDCs as anode materials.  

According to IUPAC [204] , a porous solid contains pores (cavities, channels or interstices) which 

are deeper than they are wide, while the size of the pore is defined as the distance between two 

opposite walls of the pore (diameter of cylindrical pores, width of slit -shaped pores). Pores smaller 

than 2 nm are termed micropores, pores with sizes between 2 ­ 50 nm are mesopores, and pores 

larger than 50 nm are macropores. A material containing pores of two or more length scales is 

referred to as a material with hierarchical porosity [202] . The combination of different pore sizes 

offers unique properties. Micro- and mesopores impart high surface areas and pore volumes which 

provide size and shape selectivity, while bigger pores (> 50 nm) facilitate the mass transport to 

active sites [200 -202, 205] . 

The applicability of porous materials depends not only on their pore size and size distributions, 

but also on their microstructural characteristics. The total amount of pores, their accessibility (ratio 

of closed to open pores), tortuosity, interconnectivity, and most  importantly, the chemical 

composition of the porous material are the main factors which determine their potential 

application. Furthermore, processability in terms of shaping (fibres, monoliths, etc.), as well as 

thermal and chemical stability have to be considered. Therefore, the development of porous 

materials with controllable structures/composition and tuneable pore architecture is required to 

provide advances in the fields of chemical, material and biological engineering [200, 202, 206, 

207] . In this context, much progress has been achieved recently with respect to materials 

applicable at room temperature, such as porous carbons, mesoporous silicates, organic and metal-

organic frameworks (MOFs). However, many applications require porous materials with enhanced 

resistance to temperatures beyond 500 °C and corrosive environments [202, 203, 206, 208 -211] . 

Gl _ pctgcu clrgrjcb §Gl Np_gqc md Nmpcqµ* Aolombo strongly underlined the  advantages of synthetic 

porous ceramics over metallic or polymeric components for high temperature applications [207] . 

 

Materi als for CO2 capture and separation  
 

Carbon dioxide (CO2) capture is regarded as one of the biggest challenges of the 21st century. 

Carbon capture and storage (CCS) involves CO2 capture from power plants, followed by 

compression, transport and permanent storage. The capture step of CCS represents approximately 

two thirds of the total cost of CCS [212 -214] . Coal-fired power plants, which are the largest source 

of CO2 emission, produce flue gas at ~1 bar with a CO2 concentration of less than 15% [215] . 

Industrg_j nmqramk`sqrgml a_nrspc maaspq slbcp ucjj cqr_`jgqfcb §ucr-qaps``gleµ rcaflmjmew
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based on a primary alkanolamine. The reaction is well documented in literature [216, 217] . The 

main advantage of this technology is that it is commercially mature and can easily be adapted to 

existing power plants. However, it suffers from a number of drawbacks which include: (i) the high 

amount of energy required to regenerate the solvent, (ii) the need of inhibitors to control corrosion 

and oxidative degradation due to residual oxygen, and (iii) increased costs due to the chemical 

degradation of the solvent (presence of by-products such as SOx and NOx) [218] . Consequently, 

there is a need to develop a thermally and chemically stable material with a high-adsorption value 

and a moderate heat of adsorption.  

Alternative technologies for the CO2 capture are based on the storage of CO2 in light -weight solid 

materials involving two mechanisms: (i) chemisorption, where CO2 molecules interact chemically 

with functional groups (e.g.,  metal sites or amines) forming strong bonds, and (ii) physisorption, 

where CO2 molecules adsorb less strongly in pores. Materials with a chemisorption mechanism 

adsorb CO2 selectively even in the presence of other gases having advantages over materials, which 

operate via physisorption mechanisms [219, 220] . However, these advantages are counteracted 

by high-energy costs associated with the activation, regeneration, and recycling of the sorbent. In 

addition, the selectivity of chemisorption tends to monoton ically decrease with the increasing 

loading of sorbate [221] . 

The main demands to achieve a high CO2 capture based on the physisorption mechanism are [222 -

225] : 

¶ High adsorption capacity larger than 1 mmol·g-1 [226]  

¶ Moderate heat of adsorption (- D Hads) ~ < 50 kJ·mol -1 

¶ Selectivity of CO2 over common industrial gases [219, 227 -229]  

Other requirements are low cost and the availability of raw materials, fast kinetics of sorption and 

desorption, mechanical strength, thermal and chemical stability of the solid adsorbent. The 

presence of micropores, i.e., pores with the size < 2 nm, is one of the key features a material has 

to have in order to perform efficiently as capture material or a gas separation membrane (if 

operated by a size exclusion mechanism). Zeolites were reported as promising adsorbents due to 

their enhanced adsorption properties. However, their low selectivity for CO2/N 2 and their high 

regeneration temperature still present important drawbacks. Ordered mesoporous silica may be a 

candidate due to an appropriate und tuneable porosity and good thermal and mechanical 

properties [220] . However, its adsorption capacities are not high enough, particularly at low 

pressures. Metal-organic frameworks (MOFs) attracted significant interest in the recent years, but 

still require  significant research effort [225] . Microporous carbonaceous materials fulfil almost all 

of the above requirements [223] . 
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The very recent work of Marszewska et al. [230]  has clearly demonstrated that microsporosity as 

well as mesoporosity play an important role in enhancing the CO2 storage capacity. Mesoporosity 

improves mass transfer allowing for faster CO2 equilibration. Thus, the current research strongly 

focuses on the improvement of the pore structure and surface area by introducing hierarchical 

porosity.  

Apart from the introduction of hierarchical porosity the chemical modification of the pore surfaces 

is important.  The CO2 capture capacity is enhanced by the presence of basic nitrogen-containing 

groups, together with hierarchical mesostructures, which include a high BET surface, a stable 

framework, and the presence of a large number of micropores, as well as small amount of 

mesopores [219, 220, 231 -233] . However, these experimental results have been questioned by 

MD simulations [234]  and the experimental work of Adeniran and Mokaya [235] , suggesting that 

mainly the pore size determines the capacity of CO2 adsorption, while N-doping plays a minor role. 

 

Porous polymer-derived ceramics as electrode for Li-ion battery  
 

Silicon-based polymer-derived ceramics (PDCs) inherit thermal stability [104, 131]  in line with 

high electrical conductivity [161, 163]  for carbon-rich PDCs. Furthermore, porous carbon-rich 

SiOC ceramics proved to have exceptional electrochemical properties especially at high current 

densities [154, 156, 162, 236] . Pradeep et al. [236]  reported that porous SiOC ceramics with 

designed porosity deliver more than 900 mAh·g-1 at C and 200 mAh·g-1 at 20C current rate. At 

present, PDCs with a stable porosity at temperatures higher than 700 °C are synthesized employing 

fillers, foaming additives, supercritical drying, or sacrificial agents [237 -239] . This renders the 

process difficult and cost demanding. Hence, improving the ceramic transformation step to 

accomplish the direct formation of porous materials from molecular preceramic polymers without 

aforementioned constraints is of great scientific and technological interest. 
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3. Cumulative part of the thesis  

 

In this part the major scientific finding s reported in the publications [1 -7]  are summarized and 

discussed in the context of a commercial silicon-based anodes.  

Chapter 3.1 presents a short summary of the results obtained during the systematic study of Si-

based nanocomposites. The emphasis is on the cycling stability and the Coulombic efficiency of 

the investigated composites, representing the most important challenge of the silicon-based 

electrode. Different composite design strategies are developed during this work in order to 

overcome intrinsically poor cycling stability of silico n anodes. Experimental studies and molecular 

dynamic simulations reveal a clear dependence of the composite morphology on the 

electrochemical stability. Chapter 3.2 brings a detailed description of a newly developed synthesis 

route for th e preparation of porous polymer-derived ceramics. Highly porous ceramic materials 

are obtained after a single step synthesis without the necessity to employ fillers, foaming additives, 

supercritical drying, reactive pyrolysis atmosphere or sacrificial agents. Finally, successful tests of 

the porous ceramics as an anode material in LIBs and CO2 capturing medium are presented. 

 

3.1. Silicon based composites 

 

The content of this chapter is published in: 

[1] D. Vrankovic , L.M. Reinold, R. Riedel, M. Graczyk-Zajac, Void-shell silicon/ carbon/SiCN 

nanostructures: toward stable silicon-based electrodes, Journal of Materials Science 51 (2016) 

(12) 6051.  

[2] D. Vrankovic , K. Wissel, M. Graczyk-Zajac, R. Riedel, Novel 3D Si/C/SiOC nanocomposites: 

toward electrochemically stable lithium storage in silicon, Solid State Ionics, 302 (2017) 66.  

[3] K. Wissel, D. Vrankovic , G. Trykowski, M. Graczyk-Zajac, Synthesis of 3D silicon with 

tailored nanostructure: Influence of morphology on the electrochemical properties, Solid State 

Ionics, 302 (2017) 18 0. 

[4] J. Rohrer, D. Vrankovic , D. Cupid, R. Riedel, HJ. Seifert, K. Albe, M. Graczyk-Zajac, Novel 

Si- and Sn-containing SiOCN-based nanocomposites as anode materials for lithium ion batteries: 

synthesis, thermodynamic characterization and modelling, International Journal of Materials 

Research, 108 (2017) (11) 920.  

[5] D. Vrankovic , M. Graczyk-Zajac, C. Kalcher, J. Rohrer, M. Becker, C. Stabler, G. Trykowski, 

K. Albe, R. Riedel, Highly Porous Silicon Embedded in a Ceramic Matrix: A Stable High-Capacity 

Electrode for Li -Ion Batteries, ACS Nano, 11 (2017) 11409. 
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In the present chapter, the influence of a composite morphology on the cycling behavior of 

elemental silicon will be discussed. Polymer-derived SiCN/SiOC ceramics are employed as the 

stabilizing matr ix in order to protect silicon during the alloying process and stabilize the SEI. First, 

an experimental method allowing to form a necessary void space around silicon particles is 

established. This concept is further developed while replacing the dense Si particles by highly 

porous ones. This method opens more possibilities for composite preparation, allowing for a fine 

tuning of the morphology in order to finally provide excellent electrochemical performances.  

 

3.1.1. Discussion 

 

In order to overcome the great challenge imposed by the inherent nature of silicon electrodes and 

to mitigate volume expansion during lithium insertion/extraction, we have systematically designed 

core-shell structures around silicon nanoparticles. Figure 3 depicts a schematic representation of 

the preparation route. The synthesis procedure consists of the following steps: i) coating with 

fructose-derived carbon, ii) embedding of silicon covered with carbon in a ceramic matrix and iii) 

the introduction of cavities around silicon particles. Coating with fructose-derived carbon is 

applied in order to increase electronic conductivity of the prepared composite and insure 

electrochemical activity of silicon. In the second step, a partial burning of carbon leads to the 

formation of voids around si licon particles providing the free volume required during lithiation. 

Polymer-derived SiCN with a low carbon content is applied to ensure stable shell and to protect 

silicon from the contact with an electrolyte. Figure 4 shows TEM micrographs confirming that 

silicon particles are successfully coated with carbon prior to the embedding in SiCN ceramic. The 

results of EDS analysis (Figure 4b) show that the silicon nanoparticle is covered with a native silica 

layer. However, it is challenging to distinguish the amount of carbon (or void) around the silicon 

particle after the heat-treatment in air. One should note that the coating of silicon nanoparticles, 

prior to embedding, hinders agglomeration and allows for uniform distribution in the matrix.  

Furthermore, TEM study confirms the presence of voids around the Si nanoparticles. 

Electrochemical studies demonstrate an improvement of the cycling stability compared to the pure 

silicon electrodes. No large cracks of the matrix after 100 cycles have been identified. Nevertheless, 

this procedure allowed for a minor  improvement in the cycling stability, which rendered this 

approach inefficient. In order to further improve the cycling stability, the capacity and the 

Coulombic efficiency of silicon-based composites, a simplified approach was developed, where the 

accommodation volume is introduced in primary silicon particles. 
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Figure 3: Schematic of composites preparation using the void-shell method. Commercially available silicon is firstly 

dispersed in a solution of fructose forming  carbon coating at 600 °C. In the second step, C-coated silicon (Si/C) is mixed 

with the preceramic commercial polymer HTT1800 and pyrolyzed at 1100 °C, leading to the embedding of Si/C 

particles in a silicon carbonitride (SiCN) matrix. In the next step, carbon is partially outburned at 600 °C in air, leading 

to free space around silicon particles. Finally, the obtained composite is coated with fructose-derived carbon 

carbonized at 1100 °C. Reproduced from Ref. [4]  with permission of the Inter national Journal of Materials Research. 

 

Figure 4: Microstructural characterization of the composites obtained by the void-shell method. (a,b) TEM and 

selected area EDS analysis of a cross section of the final composite. TEM micrographs confirm the presence of silicon 

particles covered by carbon dispersed in SiCN ceramic. Coating with carbon prior to embedding in ceramic matrix helps 

to suppress agglomeration of silicon nanoparticles. EDS analysis confirms a partial outburning of carbon around Si 

particles. Reproduced from Ref. [1]  with permission from the Journal of Materials Science. 

In the newly developed approach, nanostructured (porous) crystalline (Sitc) and amorphous (Sisa) 

silicon synthesized via magnesiothermic reduction reaction route were used as starting material 

for the composite preparation. To ensure electronic conductivity and to suppress agglomeration, 

the porous silicon was coated with fructose-derived carbon and then embedded into the polymer-

derived SiOC ceramic. The primary silicon particles show highly developed open porosity (Figure 

5) confirming results obtained by N2 physisorption measurements (SSA for Sitc and Sisa of 198 and 

623 m2g-1, respectively). Furthermore, X-ray diffraction and Raman spectroscopy measurements 

of the final composites show that the crystallinity of Sitc as well as the amorphous character of Sisa 

primary silicon particles are preserved.  
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Figure 5: Microstructural characterization of silicon prepared by two-chambers and salt-assisted method. (a,b) TEM 

micrographs of porous SiNP derived by employing two different synthesis routes, namely the two-chambers (Sitc) and 

the salt-assisted (Sisa) methods. Both TEM micrographs highlight the mesoporous texture of primary silicon particles. 

Significantly higher SSA found by N2-physisorption measurements for Sisa is also visible on the corresponding TEM 

micrograph. Sitc and Sisa are further used as the starting material for composite preparation . Reproduced from Ref. 

[3]  with permission from the Solid State Ionics. 

Systematic electrochemical investigations demonstrate that the best results are achieved for porous 

silicon embedded into the matrix consisting of carbon and SiOC ceramic with a stable cycling 

behavior over 50 cycles, good Coulombic efficiencies and stable capacities of 575 mAh·g-1 and 

500 mAh·g-1 for Sitc and Sisa, respectively. 

Finally, the optimal route to synthesize the composite consisting of highly porous silicon stabilized 

in a SiOC matrix has been developed. This approach combines a fairly easy preparation procedure 

with the excellent electrochemical performance of the composite. Figure 6 presents a schematic 

picture of the preparation  route of Si/C/SiOC composites, which is defined through t hree major 

steps. First, highly porous silicon is synthetized by AlCl3 assisted aluminothermic or 

magnesiothermic reduction of silica followed by  washing of the reaction byproducts. Apart from 

in-house synthesized silica nanoparticles, the up-scaling potential of the developed method is 

underlined by the usage of commercially available glass fibers (GFs) as silicon precursor. The 

prepared Si samples consist of partially crystalline (< 10%) and phase-pure silicon obtained at 

220 °C. TEM (Figure 7) and N2-physisorption measurements of the silicon nanoparticles (NPs) 

show a highly developed texture of the silicon samples independently of the method employed. 

However, when GFs are used as raw material, bigger pores are developed compared to mesoporous 

NPs as shown by SEM investigations (Figure 8). In the second step, the porous silicon is coated 

with fructose-derived carbon and subsequently, in the final step, embedded in polymer-derived 

SiOC. The complete coverage of primary silicon particles by a SiOC matrix is confirmed with 

Raman spectroscopy. Electrochemical studies of all prepared composites show an exceptionally 
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high Coulombic efficiency of 99.5%, and a capacity retention of nearly 100% of over more than 

100 cycles. Rate capability tests confirm an outstanding composite stability. Furthermore, it should 

be pointed out that all electrodes have a relatively high areal mass loading of more than 2 mg·cm-2. 

For practical use as a battery material, a high areal mass loading is required, although a low areal 

mass loading helps to achieve better performance. 

In order to elaborate the impact of the initial silicon morphology on electrochemical properties, 

molecular dynamic simulations (MD) were employed. MD simulations show that at the maximum 

Li content the macroscopic expansion remains well below that of dense silicon. For the investigated 

system, a maximum volume change of just 25% versus the expected 280% for a dense sample is 

found. Initial lithiation does not affect the macroscopic volume of silicon particles until the critical 

Li content is reached. Critical Li content generally scales with the initial porosity, underlying the 

importance of the porous morphology of the primary silicon particles. Additionally, once the 

critical lithium content reached, Si undergoes significant elastic softening during Li insertion, 

allowing fo r the embedding SiOC matrix to counteract the inherent expansion to a large extent 

and preserve electrode integrity. 

 

Figure 6: Schematic of composite preparation using silicon derived by AlCl3-assisted aluminothermic or 

magnesiothermic route. Silica nanoparticles and glass fibres are first reduced by alumino/magnesiothermic reduction 

at 220 °C. The obtained Si is then washed in H2O and etched in HCl to remove reaction byproducts. The porous Si is 

further dispersed in a solution of fructose which forms a carbon coating after carbonization at 1100 °C. In the last 

step, the C-coated porous Si is mixed with the preceramic commercial polymer SPR 684a and pyrolysed at 1100 °C. 

After pyrolysis, the final composite where C-coated porous Si is embedded in a silicon oxycarbide (SiOC) matrix is 

obtained. The final composite is further tested as a potential anode for LIBs. Reproduced from Ref. [5]  with  permission 

from the ACS Nano. 
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Figure 7: Microstructural characterization of silicon derived by AlCl3-asisted aluminothermic and magnesiothermic 

route . (a,b) TEM micrographs of porous SiNP derived by employing two different synthesis routes, namely the 

aluminothermic (SiNP-Al) and the magnesiothermic (SiNP-Mg) reduction reactions. Both TEM micrographs highlight the 

mesoporous texture of the primary silicon particles. SiNP-Al and SiNP-Mg are further used as the starting material for  the 

composite preparation. Reproduced from Ref. [5]  with permission from the ACS Nano. 

 

Figure 8: Microstructural characterization of silicon derived by AlCl3-asisted aluminothermic and magnesiothermic 

route . (a,b) SEM micrographs of porous SiNP derived by employing two different synthesis routes, namely the 

aluminothermic (SiNP-Al) and the magnesiothermic (SiNP-Mg) reduction reactions. SEM micrographs of Si nanoparticles 

show the particle size of 50-60 nm as well as the partial coalescence of SiNP-Mg. (c) SEM micrographs of microsized 

silicon fibres demonstrate the macroporous texture after reduction reaction. The investigated porous silicon 

nanoparticles and microsized fibres are further used as the starting material for composite preparation . Reproduced 

from Ref. [5]  with permission from the ACS Nano. 

Figure 9 shows a comparison of the achieved Coulombic efficiencies and the retained capacities 

over the different composite design strategies elaborated in this PhD work. Over the years, a steady 

improvement of the electrochemical performance for silicon-based anode materials has been 

achieved. The superior properties of the latest composite materials are rationalized through a few 

different aspects: first, the proposed method ensures a sufficient accommodation volume within 

silicon particles in the open porosity, making it possible to minimize the stresses evolved during 

silicon lithiation. An effective ionic and electronic transport is ensured by the conductive fructose-

derived carbon present in the pores and around silicon particles. Finally, the encapsulation in the 

SiOC ceramic which stabilizes the volume expansion and minimizes the SEI formation provides 

the required protection against the electrolyte, which leads to excellent electrochemical properties. 
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Thermogravimetric analysis (TGA) which was done by Dipl.-Ing. Claudia Fasel (AK Prof. Riedel) 

and Transmission electron microscopy (TEM) done by Dipl.-Ing. Ulrike Kunz (AK Prof. Durst). The 
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and Prof. Ralf Riedel.  
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out by M. Sc. Kerstin Wissel during her master thesis. M. Sc. Kerstin Wissel worked under my co-

supervision during the entire time. In particular, I supported the engineering of a high temperature 
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myself. Dr. Magdalena Graczyk-Zajac and Prof. Ralf Riedel revised and approved the manuscript 
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Ulrike Kunz, AK Prof. Durst), composite preparation, electrode processing, electrochemical 

measurements, as well as data evaluation and interpretation. The manuscript was written by M.  Sc. 

Kerstin Wissel and revised by myself. Dr. Magdalena Graczyk-Zajac and Prof. Ralf Riedel revised 

and approved the manuscript before publication. 
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Jochen Rohrer, Prof. Karsten Albe and Prof. Ralf Riedel revised and approved the manuscript 

before publication. 

 

  



 

26                                                                             Porous polymer-derived ceramics as energy storage materials 

3.2. Porous polymer-derived ceramics as energy storage materials 

 

The content of this chapter is partially published in:  

Patent: 

[7]  D. Vrankovic , M. Storch, C. Schitco, M. Graczyk-Zajac, R. Riedel, Solvent assisted synthesis 

of micro/mesoporous ceramics from preceramic polymers, German Patent registration DE 10 

2016 116 732 A1. 

[6]  M. Storch, D. Vrankovic , M. Graczyk-Zajac, R. Riedel, The influence of pyrolysis 

temperature on the electrochemical behavior of porous carbon-rich SiCN polymer-derived 

ceramics, Solid State Ionics 315 (2018) 59. 

 

In the present chapter, a novel synthesis procedure allowing to prepare porous ceramic materials 

with a tailored porosity is introduced. The general description of the invented procedure has been 

filed as a patent. Here, the details of the developed synthesis with the emphasis on the role of di-

n-butyl ether (DBE) in  pore formation is addressed. Furthermore, the influence of the pyrolysis 

temperature/atmosphere and the DBE concentration on the texture of the final ceramic is 

elaborated. Finally, the influence of the pyrolysis temperature on the electrochemical properties is 

addressed.  

 

3.2.1. Experimental methods  
 

In order to produce the amorphous C-rich porous SiCN ceramics the polymer precursor, the solvent 

and the carbon source divinyl benzene (DVB, Sigma Aldrich, UK) were used. Perhydropolysilazane 

dissolved in di-n-butyl ether (PHPS in DBE, AZ Electronic Materials) was used as a polymer 

precursor. The precursors were mixed and refluxed at 120 °C for six hours in order to enable the 

hydrosilylation reaction of the DVB with the preceramic polymer and to obtain the preceramic 

intermediate. Additionally ~10 ppm of Pt(0) -1,3-divinyl -1,1,3,3-tetramethyldisiloxane, diluted in 

xylene (Sigma­Aldrich, UK) were added to reaction mixture as a catalyst.  

The aforementioned preceramic intermediate was pyrolysed in a quartz tube in a programmable 

horizontal furnace under flowing argon using heating and cooling rates of 100 °C·h-1. Material 

processing is divided into three parts, focusing on variation of the crosslinking temperature and 

time, the pyrolysis atmosphere as well as the temperature of ceramization. The prepared samples 

are listed, with the corresponding pyrolysis parameters, in Table 2. 

As a reference, the PHPS was reacted with diviny lbenzene following the before mentioned 

procedure without the presence of di-n-butyl ether.  The denomination of the samples follows the 
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qafckc8 §m`r_glcb acp_kga­ rckncp_rspc md acp_kgx_rgmlµ &c,e, QgAL 7.. dmp _ apmqqjgligle qrcn

at 250 °C with a three-hour dwelling time and further pyrolysis at 900 °C in argon atmosphere).  

After pyrolysis, the samples were ground by hand and milled using a zirconia grinding beaker and 

_ pmaicp kgjj §KK 2..µ &Pcrqaf Ek`F* Ecpk_lw' dmp _l fmsp _r _ dpcosclaw md 1. Fx,

Subsequently the powders were sieved to particle size < 40 µm. All the steps of material 

preparation and storage, apart from milling and printing, took place in argon atmosphere.  

The chemical structure of the pure polymer precursor, the crosslinking agent (divinylbenzene, 

DVB), DBE, together with reaction products was assessed by FT-IR spectroscopy. The FTIR spectra 

were measured with a Varian 670-IR ­ spectrometer (Varian, Inc., USA), in attenuated total 

reflection mode (ATR) in the wave number range from 550 cm-1 to 4000 cm-1.  

Thermogravimetric analysis (TGA) was employed to monitor polymer to ceramic transformation 

and pore formation. TGA was performed with STA 449C Jupiter (Netzsch Gerätebau GmbH, 

Germany) coupled with a FTIR-spectrometer Bruker Tensor 27, allowing for the measurement of 

the mass change as well as the evolution of produced gasses. The analysis was performed under a 

constant argon gas flow (Air Liquide, purity Ó99.5%) of 30 mL·min -1. The temperature program 

was set close to the conditions used during pyrolysis with a heating rate of 20 °C·min-1 from room 

temperature up to 1100 °C.  

Nitrogen (N 2) adsorption was performed at 77 K using an Autosorb-3B (Quantachrome 

Instruments, USA). Before the measurements, the samples were preheated at 150 °C for 24 h under 

vacuum. Using the obtained N2-adsorption isotherms, the specific surface area was determined 

from the linear Brunauer-Emmett-Teller (BET) plots; the relative pressure p/p0 was between 0.05 

and 0.3. The amount of vapor adsorbed at a relative pressure of p/p0å1 was used to determine the 

total pore volume [240] . The micropore volume was determined using the de Boer's t-plot analysis 

[241] . The Barrett-Joyner-Halenda (BJH) method was applied to access the pore size distribution 

[240] .  

The chemical composition of the prepared Si(O)CN samples was analysed by hot-gas extraction, 

using a Leco-200 carbon analyser and Leco TC-436 N/O analyser (both Leco Corporation, USA) 

for the determination of the carbon and oxygen content, respectively. The amount of silicon was 

calculated as the difference to 100 wt.% of the sum of the analysed wt.% values of carbon and 

oxygen, assuming a negligible amount of hydrogen and no other elements present in the samples. 

MAS-NMR measurements were performed on the Bruker Avance III 700 MHz spectrometer 

operating at a proton frequency of 700.24 MHz. 29Si NMR spectra were recorded with the following 

parameters: single pulse sequence, 29Si frequency: 139.1 MHz, ʌ/8 pulse length: 2.5 µs, recycle 

delay: 100 s (sufficient time to get fully relaxed spectra), 1k scans, external secondary reference: 

DSS. 3.2 mm zirconia rotors filled with samples were spun at 8 kHz. 
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Table 2: Overview of the prepared samples including the corresponding pyrolysis atmosphere, crosslinking 

temperature/hol ding time and ceramization temperature/holding time.  

Denomination  Atmosphere  

Crosslinking  Ceramization  

Temperature 

(°C) 

Time 

(h)  

Temperature 

(°C) 

Time 

(h)  

SiCN 700 argon 250 3 700 3 

SiCN 800 argon 250 3 800 3 

SiCN 900 argon 250 3 900 3 

SiCN 1100 argon 250 3 1100 3 

SiCN 1400* argon 250 3 1400 3 

SiCN 900-AV 
argon -

vacuum 
250 3 900 3 

SiCN 900-V vacuum 250 3 900 3 

SiCN 900 ­ 2% DBE  argon 250 3 900 3 

SiCN 900 ­ 4% DBE  argon 250 3 900 3 

SiCN 900 ­ DRY  argon 250 3 900 3 

* Pyrolysis of SiCN 1100 and subsequent thermal treatment in argon at 1400 °C for 3 h. 

 

CO2 adsorption measurements were performed at 0 and 25 °C by an ASAP-2000 automated 

volumetric analyser (Micromeritics, USA) using the same outgassing procedure mentioned for N2-

adsorption. 

An X-ray powder diffraction was performed on the prepared powders using a STOE STADI P 

(STOE, Germany) equipped with monochromatic Mo-Kɻ radiation in transmission geometry using 

capillaries and flat-sample configuration. 

Micro-Raman spectra were recorded with the confocal micro-Raman spectrometer Horiba HR 800 

(Horiba, Japan), using an Ar-Ion laser with the wavelength of 514.5 nm. Spectra were recorded in 

the Raman shift range from 0 to 4000 cm-1. 

Transmission electron microscopy (TEM) studies were performed with a 200 kV electron 

microscope (JEOL JEM-2100) with an ultra -resolution pole piece (Cs = 0.5 mm) and a Schottky 

field-emission gun. Bright-field (BF) and high -resolution TEM (HRTEM) images were recorded by 

a CCD camera (Gatan Ultrascan 1000). High-angle annular dark -field scanning transmission 

electron microscopy (HAADFSTEM) was performed in the same operated microscope. The HAADF-

STEM images were recorded by the JEOL ADF detector. The camera length was 8 cm and the 

incident beam probe size was ~0.2 nm. 

For electrochemical testing, the prepared powders were mixed with 5 wt.% of Carbon Black 

Super P®  (Timcal Ltd., Switzerland) as conducting additive and 10 wt.% of polyvinylidene fluoride 

(SOLEF®  PVDF, Solvay, Germany) dissolved in N-methyl-2-pyrrolidone (NMP, BASF, Germany) as 
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a binder. Additional NMP was added to adjust the viscosity of the mixture. The obtained slurry 

was printed on the rough side of a copper foil (10 µm, Copper SE-Cu58 (C103), Schlenk 

Metallfolien, Germany) by doctor blade technique and dried at 40 °C for 24 h. Electrodes of 10 mm 

diameter were cut out of the coated copper foil and dried at 80 °C under vacuum in a Buchi oven 

for 24 h. The dried electrodes were transferred without further contact with air to a glove box 

(MBraun, Germany) for cell assembly (Swagelok®  type cell). The counter/reference electrode with 

a diameter of 10 mm was cut out of a metallic lithium foil (99.9 % purity, 0.75 mm thickness, Alfa 

Aesar, Germany). QMA (Whatmann TM, UK) was used as a separator. As electrolyte 180 µL of 1M 

LiPF6 dissolved in EC:DMC-1:1 (Solvionic, France) was used. For gravimetric capacity calculation, 

the mass of active material was used. The active electrode mass excludes the mass of the carbon 

black and PVDF used in electrode preparation. The testing was performed with the VMP 

multipotentiostat (BioLogic Science instruments, France) at the charging/discharging rate of 

18 mA·g-1 to about 2 A·g-1 between 0.005 and 3 V. 

 

3.2.2. Results and discussion 
The method developed  

 

Figure 10 shows a schematic representation of the new synthesis which results in highly porous 

carbon-rich SiCN ceramic. Perhydropolysilazane (PHPS), divinylbenzene (DVB), and di-n-butyl 

ether (DBE) are used as the starting reaction mixture. The hydrosilylation reaction at 120 °C in the 

presence of Karstedt`s catalyst leads to a solid, crosslinked preceramic. The ceramics with mixed 

micro/meso/macroporosity are obtained after the thermal treatment at T  >  700 °C. The 

adsorption/desorption isotherms (nitrogen, -196 °C) together with the calculated cumulative pore 

volume/pore size distribution vs. pore diameter of the samples pyrolysed at 500, 700, 800, 900, 

1100 and 1400 °C are presented in Figure 11. The samples are denoted SiCN Tpyr, for details please 

refer to the Table 2 in the experimental section. Table 3 summarises the specific porosity data 

measured by means of N2-adsorption and calculated using Brunauer, Emmett and Teller (BET) 

approach and t-method. The N2-adsorption isotherms (Figure 11ab) indicate the mainly 

mesoporous character of all materials according to the IUPAC classification [204] . The N2 uptake 

above P/P0 = 0.9 reveals the presence of large meso-and macro-pores. The absence of a well-

defined saturation plateau is attributed to the porosity generated by the agglomeration of the 

powdered sample. The high specific surface area (SSA) of 504 m2·g-1 of SiCN 500 is rationalized 

by the presence of micopores (¢ 2 nm) as indicated by the t-method and by the large amount of 

small mesopores. The organic-to-inorganic transformation at temp erature beyond 700 °C leads to 

the partial/complete closure of the micropores and the corresponding decrease of the SSA down 

to 169 m2·g-1 at 900 °C. Small mesopores (< 4 nm) remain stable throughout the pyrolysis process 
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up to 1100 °C and do not sinter as shown by the pore size distribution (PSD) curves (Figure 11cd) 

and the stable total pore volume (TPV) values (Table 3). The sintering of small mesopores occurs 

at 1100 °C as indicated by the further decrease in the SSA (104 m2·g-1) and the TPV. Increasing 

the pyrolysis up to 1400 °C leads to a carbothermal reaction followed by the significant increase 

in the SSA (446 m2·g-1), TPV and the micropore volume (Table 3). Nevertheless, it should be noted 

that the carbothermal reaction results in a porosity present in the free carbon phase, whereas at 

lower Tpyr the pores are localized in the ceramic. Figure 12a shows the comparison of the N2-

adsorption isotherms of SiCN 900 and SiCN 900-DRY synthesized with and without DBE in starting 

polymer mixture, respectively. SiCN 900-DRY shows a nonporous character with the SSA of 

13 m2·g-1 (Table 3), while in the presence of DBE the mesoporous ceramic is obtained. Figure 12b 

shows the comparison of the N2-adsorption isotherms and cumulative pore volume curves (insert) 

of the ceramics obtained at the pyrolysis temperature of 900 °C with a different concentration of 

the DBE in the starting reaction mixture (SiCN 900-2% DBE and SiCN 900-4% DBE). Both ceramics 

present entirely different textures in comparison to the material prepared in diluted conditions 

SiCN 900, Figure 12bd. The N2 adsorption isotherms of SiCN 900-2% DBE and SiCN 900-4% DBE 

indicate the absence of macropores/large mesopores (no N2 uptake after p/p 0 = 0.9). Only small 

mesopores (< 4 nm) contribute to the TPV of  SiCN 900-2%DBE, as shown in the cumulative pore 

volume graph. The presence of micropores is also confirmed (Table 3) in line with the SSA of 

72 m2·g-1. SiCN 900-4% DBE displays the increase of the SSA to 143 m2·g-1 and in the micro-/ meso-

pore volume. Thus, the simple change in DBE concentration provides a powerful tool to tailor the 

ceramic microstructure and opens the possibility to influence pore size and hierarchy.  
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Figure 11: Evolution of porosity with the pyrolysis temperature.  (a,b) Nitrogen physisorption measurements of SiCN 

ceramics obtained after pyrolysis at 500, 700, 800, 900, 1100 and 1400 °C. The N2-adsorption isotherms indicate the 

mainly mesoporous character of all materials. The N2 uptake above P/P0 = 0.9 reveals the presence of large meso-and 

macropores in all samples. (c,d) The calculated cumulative pore volume/pore size distribution vs. pore diameter curves 

highlight  the stable porosity over the entire range of pyrolysis temperatures. 

Table 3: Overview of the specific porosity data measured by N2-adsorption and calculated using Brunauer, Emmett and 

Teller (BET) approach, Barrett, Joyner and Halenda (BJH) and t-method.  

Sample 
SSA 

(m 2/g)  

Total Pore 

Volume  (cm 3/g)  

Micropore 

Volume 

(cm 3/g)  

Isotherm 

Type 

Pore Diameter 

(nm)  

SiCN 500 504 0.90 0.08 IV 3.7 

SiCN 700 235 0.56 0.01 IV 3.7 

SiCN 800  194 0.47 0.01 IV 3.9 

SiCN 900 169 0.48 0 IV 3.6 

SiCN 1100 104 0.46 0 IV 3.9 

SiCN 1400 446 0.72 0.10 I/IV  3.6 

SiCN 900 ­ 2% DBE  72 0.07 0.03 I/IV  4.0 

SiCN 900 ­ 4% DBE 143 0.16 0.06 IV 3.7 

SiCN 900 - DRY 13 0 0 - - 

SiCN 900 - AV 125 0.47 0 IV 3.7 

SiCN 900 - V 72 0.1 0.02 I/IV  3.4 
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Figure 12c presents the N2-adsorption isotherms and the cumulative pore volume curves (insert) 

recorded for a sample entirely pyrolyzed under vacuum (SiCN 900-V) and a sample hat-treated 

under argon up to 500 °C and then pyrolyzed under vacuum (SiCN 900-AV). Vacuum applied to 

the entire process of the pyrolysis leads to a significantly reduced amount of large meso- and 

macro-pores and to a formation of micropores (Table 3, Figure 12d). The amount of small 

mesopores is barely influenced. On the contrary, switching to vacuum first at 500 °C does not 

significantly influence porosity, namely only a sl ight decrease in the amount of small mesopores is 

detected, resulting in the decrease of SSA from 169 m2·g-1 for SiCN 900 to 125 m2·g-1 for 

SiCN 900-AV, while large meso- and macro-pores stay unaffected (Figure 12d). It signifies that the 

pore formation takes place mainly below 500 °C. This finding provides an important hint regarding 

the understanding of the mechanism of pore formation which is addressed in the next chapter. 

 

Figure 12: Influence of DBE concentration and pyrolysis atmosphere on porosity characteristics. (a) Nitrogen 

adsorption isotherms of SiCN 900 and SiCN 900-DRY synthesized with and without DBE in the starting polymer mixture 

display significant difference in porosity. SiCN 900 shows mesoporous character while SiCN 900-DRY is dense. 

(b) Nitrogen adsorption isotherms together with cumulative pore volume curves show a clear dependence of the final  

porosity on the DBE concentration. Macropores/large mesopores are absent in SiCN 900-2% and SiCN 900-4% DBE. 

c) N2-adsorption isotherms and the cumulative pore volume curves recorded for a sample entirely pyrolyzed under 

vacuum (SiCN 900-V) and a sample heat-treated under argon up to 500  °C and then pyrolyzed under vacuum (SiCN 

900-AV). Pyrolysis under vacuum exclusively leads to a significantly reduced amount of large meso- and macropores 

and to the  formation of micropores. (d) Comparison of pore size distribution (PSD) curves underlying the potential of 

the invented method to tailor the porosity by varying the DBE concentration/pyrolysis atmosphere.   
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Mechanism 

 

The analysis of specific data regarding the porosity of the samples prepared at various conditions 

provides an indication that the thermal treatment below 500 °C in the presence of DBE leads to 

the stable porosity of the ceramic at higher temperatures of pyrolysis. We analysed the conversion 

from polymer to ceramic in the presence of DBE by means of Fourier transformed infrared 

spectroscopy (FTIR) and thermogravimetric analysis (TGA) combined with FTIR in order to get 

the insights into the mechanism of pore formation. 

In order to monitor the process of preceramization and to assess the pore formation, TGA coupled 

with FTIR spectroscopy is performed on the thermally crosslinked (250 °C for 3h) preceramic gel 

(Figure 13). Besides the loss of mass, the temperature program and integrated FTIR signals for 

SiH4, DBE and C2H4 are displayed, in dependence of the measured time, and shown in Figure 13. 

The TGA shows the first minor mass loss around 200 °C (~2%), attributed to the CO 2 desorption 

from the sample. Note that no degassing of DBE (boiling point 141 °C) is recorded. The thermal 

evolution of the crosslinked polymer starts at 400 °C, accompanied by degassing of SiH4 and C2H4, 

as confirmed by FTIR. The grafted divinylbenzene groups (vinyl units bonded to one Si atom) are 

partially elimina ted in this temperature range [107, 139] . These gaseous species originate from 

the opening of the crosslinked preceramer structure as shown by the integrated FTIR data (Figure 

13). First at 450 °C, namely the temperature 300 °C higher than its boiling poin t, DBE quits 

the system, leading to a major mass loss ( ~18%).  The further increase in the temperature of 

 

Figure 13: Elaboration of the preceramization mechanism in the presence of DBE. TGA coupled with FTIR spectroscopy 

is performed on the thermally crosslinked (250 °C for 3h) preceramic gel in order to monitor the preceramization. The 

thermal evolution of the crosslinked polymer starts at 400 °C, accompanied by degassing of SiH4 and C2H4. DBE quits 

the system at 450 °C, namely the temperature 300 °C higher than its boiling point, leading to a major mass loss. 
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pyrolysis leads to a slow but continuous mass loss (~8%) up to 800 °C due to degassing of C2H4, 

SiH4 and DBE. 

Ex-situ FTIR spectra of the pure polymer precursor, crosslinking agent DVB, DBE together with 

reaction products are recorded in order to follow the hydrosilylation reaction ( Figure 14a). The 

main adsorption bands of the spectra are labelled with Greek letters and listed in Table 4. The 

characteriqrga `_lbq md rfc §_q-pcacgtcbµ afckga_j npcaspqmpq _pc gl emmb _epcckclr ugrf rfcgp

chemical structure shown in Figure 10. The FTIR spectrum of a chemically reacted intermediate 

shows the presence of residual Si-H (2140 cm-1) and N-H (1170 cm-1) units despite the 

stoichiometric amounts of the substrates used. This indicates an incomplete hydrosilylation 

reaction, explained by a steric hindrance [242, 243] . However, a considerable decrease in the 

intensity of Si-H, N-H and C=C vibrations confirms the occurrence of the hydrosilylation reaction.  

The chemically reacted intermediate was subjected to pyrolysis with additional crosslinking step 

at 130 or 250 °C for 3 h. FTIR spectra were recorded after crosslinking steps at 130 and 250 °C as 

well as at 500 and 900 °C, in order to follow the thermal evolution of the  chemically reacted 

intermediate. The spectrum of the sample crosslinked at 130 °C shows no significant changes 

compared to the chemically reacted PHPS-DVB (Figure 14b). Crosslinking at 250 °C leads to a 

decrease in the intensities of the Si-H, N-H and C=C bands, confirming a more advanced 

hydrosilylation reaction in comparison to the material crosslinked at 130 °C. The SiCN 500 reveals 

low intensity bands around ~3000 cm-1 and ~1580 cm-1 originating from  remaining hydrocarbons. 

The N-H (~3370 cm-1) and Si-H (~2150 cm-1) bands decrease further but do not vanish due to the 

steric hindrance impeding the reaction. The broad region of overlapping bands below 1100 cm-1 

increases further, indicating the ongoing ceramization. Note that the vibration bands arising from 

di-n-butyl ether functional groups diminish when thermal crosslinking in tubular furnace is done 

at 130 °C. However, they are still present at 250 °C. Furthermore, the presence of DBE traces in 

the sample thermally treated at 500 °C could be observed by the low intensity bands at ~1130, 

~1370 and ~2970-2870 cm-1. We attribute the presence of DBE in the material at 500 °C (360 °C 

above boiling point) to a trapping of the solvent during the chemical rea ction of the preceramic 

polymer with DVB, leading to the solvent encapsulation in the three-dimensional preceramer 

structure. The release of DBE takes place only after the crosslinked structure breaks due to 

undergoing ceramization. We suggest that at temperatures higher than DBE boiling point 

conditions close to supercritical are generated by encapsulated gaseous DBE, which in turn leads 

to a much higher stability of the produced porosity.  

At 900 °C no bands originating from N-H, Si-H nor DBE are identified by FTIR. Remaining bands 

from the carbon and the silicon network are overlapping in the region below 1600 cm -1. No 

chemical reaction between polymer/crosslinking agent and DBE takes place since no oxygen-
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containing bands are identified in the SiCN 900 by means of FTIR, despite the use of the oxygen 

containing solvent. The absence of chemical interaction is also confirmed by the fact that DBE quits 

the system as an entire molecule, not decomposed into fragments (see TGA-FTIR analysis). The 

chemically inert nature of DBE with respect to PHPS/DVB opens a variety of possibilities to tailor 

the chemical composition of porous ceramic while tuning the composition of a crosslinking 

agent/preceramic polymer.  

 

Figure 14: Hydrosilylation reaction monitored by ex-situ FTIR analysis. (a) FTIR spectra of the pure polymer precursor, 

crosslinking agent DVB, DBE together with reaction products . The characteristic bands of the ïas-receivedð chemical 

precursors are in good agreement with their chemical structure. An incomplete hydrosilylation reaction is shown by 

the presence of residual Si-H and N-H units in the FTIR spectrum of a chemically reacted intermediate. (b) FTIR spectra 

of the chemically reacted intermediate after crosslinking steps at 130 and 250 °C as well as at 500 and 900 °C. Presence 

of the Si-H, N-H and C=C bands at 130, 250 and 500 °C indicates an incomplete hydrosilylation reaction, rationalized 

by a steric hindrance. At 900 °C no bands originating from N-H, Si-H nor DBE are identified by FTIR indicating ongoing 

ceramization.  
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Table 4: Overview of the bands observed by FTIR analysis with bond type and originating substance corresponding to 

Figure 14. 

Wave Number (cm -1) Label Bond Type  [244 -246]  Substance 

~ 3370 Ŭ N-H PHPS 

~ 2140 ɓ Si-H PHPS 

~ 1170 ɔ N-H PHPS 

~ 995  Si-N PHPS 

~ 2970 ­ 2870 ŭ C-H (stretch)  DBE 

~ 1465 Ů -CH2- (bend) DBE 

~ 1370 Ů -CH3 (bend) DBE 

~ 1130 ū C-O-C DBE 

~ 3090 ­ 2970 ɟ 
R-HC=CH 2 (stretch)  

aromatic ring 
DVB 

~ 1630 ­ 1400 ɖ 

C=C 

R-HC= CH2 

aromatic ring 

DVB 

~ 990, ~  905 Ű R-HC=CH 2 DVB 

 

The microstructure of porous ceramic  

 

HAABF (high-angle annular bright-field) -STEM micrographs of SiCN 800 and SiCN 1100 are 

presented in Figure 15ab respectively. The intensity/contrast in HAABF-STEM image can be 

correlated to local chemical composition or variation in thickness. Micrographs presented in Figure 

15 show noticeable contrast variations indicating highly developed sample texture. The lack of 

clear difference between the two samples confirms the presence of stable porosity at 1100 °C, as 

observed in N2-adsorption measurements. 

Figure 15c presents a TEM micrograph of sample SiCN 1100. The segregation of partially ordered 

carbon (also shown by well-defined D and G Raman bands, Figure 16) is clearly visible on the 

surface of the amorphous ceramic. This finding is consistent with the X-ray diffraction study 

(Figure 17), revealing no reflexes for materials pyrolyzed below 1300 °C. At 1400 °C, a 

carbothermal reaction takes place and the first reflexes corresponding to ß-SiC are identified 

(Figure 17). For the detailed discussion on the Raman spectroscopy and X-ray diffr action results 

please refer to Chapter 3.2.5. 
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Figure 15: TEM micrographs of porous SiCN 800 and SiCN 1100 ceramics. (a,b) HAABF (high-angle annular bright -

field)-STEM micrographs of SiCN 800 and SiCN 1100 indicate highly developed texture  independent of the  pyrolysis 

temperature.  (c) TEM micrograph of SiCN 1100 showing the segregation of partially ordered carbon on the surface 

of amorphous ceramic and confirms the presence of stable porosity at 1100 °C. 

 

 

Figure 16: Evolution of Raman spectra with pyrolysis temperature. The results indicate that the carbon phase in SiCN 

ceramic matrix undergoes structural organization with increasing pyrolysis temperature.  
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Figure 17: Evolution of the ceramic crystallinity with pyrolysis temperature. The X-ray diffraction patterns reveal the 

amorphous nature of the samples prepared at 700, 800, 900 and 1100 °C. At 1400 °C, crystallisation of ß-SiC occurred 

during the carbothermal reaction. Pronounced broadening indicates the presence of nano-SiC crystallites. 

 
Stability of porous ceramics  
Outburning  

 

The carbon-rich SiCN ceramics have been subjected to thermal treatment at 600 °C in humid 

laboratory air (outburning) in order to assess the pore stability versus sintering and oxidation. The 

tests consisted of four heating cycles of 8, 8, 16 and 32 h with subsequent cooling to room 

temperature. The porosity was characterized by means of N2-adsorption after each cycle and the 

results obtained are summarized in Figure 18. The microstructure of the outburned samples SiCN 

800 and SiCN 1100 is presented in Figure 19. 

Figure 18 presents the evolution of BET SSA, TPV and MPV with the time of outburning under 

ambient atmosphere for SiCN 800 and SiCN 1100. SiCN 1400 outburned for 8 h is shown as 

reference sample. SiCN 800 and SiCN 1100 demonstrate a significant increase in SSA, TPV and 

MPV due to carbon outburning within the ceramic. A corresponding decrease in carbon content is 

shown by the results of the elemental analysis, Table 5. The micropores in SiCN 1400 are located 

in the carbon phase which is oxidized during the process of outburning, thus SiCN 1400 after 

outburning shows a decrease in BET SSA and a complete closure of micropores. In SiCN 800 and 

SiCN 1100, porosity is present in the ceramic, thus outburning of the free carbon dispersed in the 

ceramic matrix leads to the increase in pore volume. For the possible material application in 

oxidative conditions, stable porosity is required underlining the importan ce of the stability of 

SiCN 800 and SiCN 1100. Their resistance against oxidation and sintering is further indicated by 
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nearly constant BET SSA values up to 32 h at 600 °C. First after 64 h oxidative testing, a minor 

decrease in BET SSA, TPV and MPV has been found. 

TEM micrographs (Figure 19) confirm the complete absence of segregated carbon on the surface 

of the ceramics. HAABF-STEM micrographs (Figure 19ab) present the highly developed texture of 

SiCN 800_O and SiCN 1100_O, similar to those of the materials before outburning (compare 

Figure 15). SiCN 1100 after outburning consists of 23 wt.% of SiC and 77 wt.% of SiO2 as 

recalculated according to [128]  from EA data, Table 5. 29Si SSMAS NMR measurement of the 

outburned SiCN 1100 (insert Figure 19c) is in the full agreement with EA data, revealing only SiC4 

(<  30 ppm) and SiO4 (~110 ppm) with no SiN 4 units present in the ceramic. 

 

Figure 18: Oxidation stability of porous carbon-rich SiCN ceramics against outburning in air at 600 °C assessed by N2-

adsorption measurements. The tests consisted of four heating cycles of 8, 8, 16 and 32 h with subsequent cooling to 

room temperature. The evolution of BET SSA, TPV and MPV with the time of outburning under ambient atmosphere 

for SiCN 800 and SiCN 1100 is presented. SiCN 1400 outburned for 8 h is shown as reference sample. SiCN 800 and 

SiCN 1100 demonstrate a significant increase in SSA, TPV and MPV due to carbon outburning. Resistance against 

oxidation and sintering is indicated by nearly constant BET SSA values up to 32 h at 600 °C. First after 64 h oxidative 

testing, a minor decrease in BET SSA, TPV and MPV has been found. SiCN 1400 after 8h outburning shows a decrease 

in BET SSA and a complete closure of micropores. 

 

Table 5: Oxidation stability of porous ceramics at 600 °C assessed by elemental analysis. Overview of the values 

obtained by elemental analysis for pristine and outburned samples. 

Sample Nitrogen (wt.%)  Oxygen (wt.%)  Carbon (wt.%)  Si (wt.%)  

SiCN 800 12.1 2.0 49.7 36.2 

SiCN 800 outburned ~1.0 50.5 <  1 47.5 

SiCN 1100 11.0 6.5 49.4 33.1 

SiCN 1100 outburned ~1.0 41.2 6.6 51.2 
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Figure 19: Oxidation stability of porous ceramics at 600 °C assessed by TEM and 29Si SS NMR measurements. (a,b) 

HAABF (high-angle annular bright -field)-STEM micrographs of SiCN 800_O and SiCN 1100_O indicate a highly 

developed texture  independent of the  pyrolysis temperature and outburning time. This confirms the presence of 

stable porosity after 64 h of oxidative testing, as observed in N2-adsorption measurements. (c) TEM micrograph of 

SiCN 1100_O shows no segregated carbon on the surface of the amorphous ceramic and confirms the presence of a 

stable porosity. 29Si SSMAS NMR measurement of the outburned SiCN 1100 (insert) reveals only SiC4 (< 30 ppm) and 

SiO4 (~110 ppm) tetrahedra with no SiN4 units present in the ceramic. 

 

The stability of the SiCN 800 ceramic has been also examined upon prolonged (>  60 days) contact 

with humid ambient  air. SiCN ceramics pyrolyzed at T < 1000 °C are prone to react with oxygen 

from atmospheric air upon prolonged exposition. The developed porosity of the material may 

enhance this process, and the presence of nitrogen in the ceramic is of crucial importance for the 

possible applications of the material, e.g. for CO2 capture. Figure 20 shows the 29Si NMR spectra 

of the SiCN 800 after both, short and prolonged exposition to ambient air. Due to the variety of 

the possible inner-substitutions in the vicinity of Si in the Si(C mNnOp) moieties, the deconvolution 

and detailed assignment of the NMR peaks are purely speculative. Thus, we attempt to generally 

address the structures present in the SiCN 800 together with their evolution with the exposition 

time. The NMR peak at dSi = -30 ­ -50 ppm is attributed to the nitrogen rich SiCN 3 - SiN4 

tetrahedra. The less negatives (0 ­ -30 ppm) shifts correlate strongly with the C content and are 

attributed to SiC4 moieties. The more negatives NMR shift at -110 ppm corresponds to SiO4 

tetrahedra. 

The signal of silicon coordinated with oxygen is already visible in the non-exposed sample, with 

13.7 wt.% of SiO2 calculated from the EA results (Table 5). This increase in oxygen content, in 
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comparison to the pristine material with 3.8 wt.% of silica estimated by EA, originates from the 

long NMR measurements in the non-hermetically sealed rotor. In parallel, the amount of Si 3N4 

decreases from 30.2 to 26.4 wt.%. Prolonged exposition to air does not significantly affect the SiN4 

moieties, but rather lead to the transformation of Si-O-C units to SiO4 tetrahedra. 

Note, that the material pyrolyzed at 800 °C contains a variety of Si(CmNnOp) (m+n+p=4) units . 

Nevertheless, the applied simplification allows for deriving general trends. The evolution of the 

composition with  time of the exposition in air can be followed in  Table 6. 

 

Figure 20: Oxidation stability of porous ceramics against ambient atmosphere assessed by 29Si SS NMR measurements. 

The stability of the SiCN 800 ceramic has been examined upon prolonged (> 60 days) contact with  ambient humid air. 

Apart from initial reaction with oxygen shown by the presence of SiO4 (~110 ppm) units, no significant changes in the 

materials upon holding in air have been identified.  

 

Table 6: Oxidation stability of porous ceramics at room temperature (elemental analysis). Overview of the values 

obtained by elemental analysis for pristine samples and those exposed to ambient humid air. 

Sample SiO2 (wt.%)  SiC (wt.%)  Si3N4 (wt.%)  C (wt.%)  

SiCN no air contact 3.8 23.2 30.2 42.8 

SiCN 800 NMR 13.8 11.7 26.4 48.1 

SiCN 800 3 days 22.7 9.3 23.5 44.5 

SiCN 800 2 months 28.4 3.4 21.6 46.6 
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Applications  

CO2 capture 

 

The CO2 capture capacity is significantly enhanced by the presence of basic nitrogen-containing groups, 

together with hierarchi cal mesostructures, which include a high BET surface, a stable framework, and 

the presence of a large number of micropores as well as small amount of mesopores [219, 220, 231 -

233] . Thus the SiCN 800 ceramic has been examined with respect to the CO2 capture. Figure 21 

presents the CO2 adsorption-desorption isotherm at 25 °C of SiCN prepared at 800 °C. 1.5 mmol CO2 

per gram of sorbent is adsorbed at 1 bar pressure. At 0 °C the adsorption equals 1.9 mmol CO2 per 

gram of sorbent. These values are comparable with those reported for commercial carbons and zeolite 

frameworks [247, 248] . Note, that the adsorption and desorption branches of the isotherm overlap 

perfectly. It signifies the absence of irreversible reactions, namely no CO2 chemisorption. This in turn 

confirms again the chemical stability of the investigated porous SiCN ceramic. 

 

Electrochemical performance 

 

The electrochemical performance of the selected samples is reported in Chapter 3.2.4. In this 

chapter the impact of the pyrolysis temperature on the electrochemical properties of porous 

carbon-rich polymer-derived silicon carbonitride (SiCN) ceramic was rationalised with respect to 

the microstructural evolution of the free carbon.  

 

Figure 21: CO2 capture capabilities of SiCN 800 at 25 °C. The adsorption and desorption branches of the isotherm 

overlap perfectly signifying the absence of irreversible reactions, e.g. CO2 chemisorption. 
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3.2.3. Statement of personal contribution  

 

[7]  D. Vrankovic , M. Storch, C. Schitco, M. Graczyk-Zajac, R. Riedel, Solvent assisted synthesis 

of micro/mesoporous ceramics from preceramic polymers, German Patent registration DE 10 

2016 116 732 A1. 

 

The idea behind of this work was developed by myself and the unique synthesis procedure was 

filed as a patent. Most of the experimental work and data analysis was carried out by myself, except 

Thermogravimetric analysis (TGA) which was done by Dipl.-Ing. Claudia Fasel (AK Prof. Riedel) 

and Transmission electron microscopy (TEM) done by Ph. D. Cheuk-Wai Tai (Stockholm, Sweden). 

 

 

3.2.4. The influence of the pyrolysis temperature on the electrochemical behaviour of 

porous carbon-rich SiCN polymer-derived ceramics 

 

Within this Chapter, the impact of the pyrolysis temperature on the microstructural development 

and electrochemical properties of selected porous carbon-rich polymer-derived silicon carbonitride 

(SiCN) ceramics is addressed. The nature of the free carbon phase at each pyrolysis temperature 

is characterized in detail and correlated with Li -ion storage capabilities. In addition, the evoluti on 

of textural properties of investigated ceramic in line with its influence on the electrochemical 

lithium insertion/extraction are presented.  

 

3.2.5. Results and discussion 
 

Porous carbon-rich silicon carbonitride ceramics were prepared according to the method discussed 

in Chapter 3.2.1 at the pyrolysis temperature (Tpyr) of 900, 1100 and 1400 °C in argon atmosphere.  

Figure 22 presents the X-ray diffraction patterns revealing the amorphous nature of the samples 

prepared at 900 and 1100 °C. At 1400 °C a crystallisation of SiC is detected. Three broad reflexes 

(marked with ß in Figure 22) arising at 2ɡ angles of 16.3, 26.7 and 31.4° are attributed to a b-SiC 

formed during carbothermal reaction. Pronounced broadening of the observed XRD reflections 

indicates small SiC crystallites caused by the ongoing crystallisation. The onset in crystallisation at 

1400 °C is in good agreement with the former work of Mera et al. [139] . 
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Figure 22: Crystallisation behaviour of the selected porous SiCN ceramics. The X-ray diffraction patterns reveal the 

amorphous nature of the samples prepared at 900 and 1100 °C. At 1400 °C a crystallisation of ß-SiC is detected. 

Reproduced from Ref. [6] with permission from the Solid State Ionics. 

Nitrogen physisorption measurements reveal steady decrease in BET specific surface area (SSA) 

and total pore volume (TPV) with increasing T pyr up to the temperatures the carbothermal reaction 

sets in. The carbothermal reaction leads to the partitioning and decomposition of Si-network 

causing the formation of new pores and implying the increase of SSA and TPV. However, this 

newly developed porosity is mainly located in the carbon phase. The detailed discussion on the 

porosity evolution with the pyrolysis temperature is included in the Chapter 3.2.2.  

Raman spectroscopy was used to analyse microstructure of the carbon phase in the SiCN matrix 

for samples prepared at 900, 1100 and 1400 °C. Free carbon is considered as the major lithium 

storage site within the SiCN ceramic [161, 176, 188, 249, 250] , thus, it is of great importance to 

understand evolution of its microstructure induced by change of the pyrolysis temperature. In the 

recorded spectra the D-band is the strongest band showing the disordered nature of the free carbon 

phase (Figure 23a). Figure 23b-d presents the deconvolution of the Raman spectra into G, D1, D2, 

D3 and D4 bands according to Sadezky et al. [251] . The less pronounced G-band together with 

strong D3-band suggest a highly amorphous nature of the carbon confirming the results obtained 

by X-ray diffraction studies. The observed shift of D3-band from ~1500 to ~1545 cm-1 suggests that 

the carbon phase consist of mixture of sp2 and sp3 bonded carbon as well as carbon bonded to 

silicon atoms [252] . With increasing pyrolysis temperature the D3-band decreases in intensity as 

shown by an increase of the I(D)/I(D3) ratio from 2.85 for the 900  °C sample to 3.95 for 1100 °C 

and 8.68 for the 1400 °C sample. In parallel, G-band increases in intensity with pyrolysis 

temperature as it is revealed by the decrease of the I(D)/I(G) ratio from 2.35 for the 900  °C sample 

to 1.95 for the 1100  °C and to 1.60 for the 1400 °C sample. Additionally the carbon cluster size La 



 

46                                                                             Porous polymer-derived ceramics as energy storage materials 

increases from 1.87 nm for the 900 °C sample to 2.74 nm for the 1400 °C sample. These results 

indicate that with increasing pyrolysis temperature carbon phase in SiCN ceramic matrix 

undergoes structural organization as well as a loss of hydrogen [245, 253] . In consequence, higher 

organisations of carbon results in a decrease of available Li-ion storing sites and leads to lower 

overall capacities [159, 254] . 

In order to get an overview on the lithium storage properties of the porous SiCN ceramics, the 

samples pyrolysed at 900, 1100 and 1400 °C have been selected for electrochemical tests. Figure 

24ab shows the extended cycling performance and the corresponding Coulombic efficiencies (CE) 

of investigated materials. Capacity losses and poor CE observed for all samples in the first few 

cycles are attributed to formation of solid electrolyte interface (SEI) and irreversible trapping of 

Li-ions in the porous structure. The SiCN 900 shows a steady increase of capacity up to 

534 mAh·g-1, which is rationalized by an enhanced storage due to an activation of the porous 

structure [255]. When pyrolysis temperature is increased to 1100 °C constant discharge capacities 

of 280 mAh·g-1 over hundred cycles are obtained. The sample prepared at 1400 °C shows a 

decrease in capacity until 40th cycle, followed by stable capacity of only 168 mAh·g-1. 

 

 

Figure 23: The microstructure of the carbon phase assessed by Raman spectroscopy. (a) Raman spectra of the samples 

pyrolyzed at 900, 1100 and 1400 °C. (b-d) The deconvolution of the Raman spectra into G, D1, D2, D3 and D4 bands 

according to Sadezky et al. [251]. Reproduced from Ref. [6] with permission from the Solid State Ionics. 
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Figure 24: Extended cycling behaviour of the selected porous ceramics. (a) Constant current Li-ion insertion/extraction 

at 72 mA·g-1 of the samples pyrolyzed at 900, 1100 and 1400 °C. (b) Corresponding Coulombic efficiencies (CE). 

Reproduced from Ref. [6] with permission from the Solid State Ionics. 

 

To evaluate the nature of the Li-ion uptake the first and the hundredth cycle voltage-profiles of 

investigated materials are presented in Figure 25. The first cycle lithiation capacity of 849 mAh ·g-1, 

the delithiation capacity of 477 mAh ·g-1 and the corresponding Coulombic efficiency of 52.7% for 

SiCN 900 are in the range of the values reported for dense SiCN ceramics [250, 256, 257] . When 

the pyrolysis temperature is increased, the Coulombic efficiency decreases to 41.4% for the 1100 °C 

and to 30.9% for the 1400 °C sample. The low first cycle CE originate from SEI formation on the 

porous ceramic and the irreversible capture of lithium ions in the disordered carbon phase 

(compare Raman spectroscopy study) [161] . The decomposition of the electrolyte for all the 

samples starts during the first Li-ion uptake at the potential ~1.5 V, resulting in a sloping plateau 

below 1 V (Figure 25a). At voltages below 0.5 V mainly intercalation of Li -ions within the free 

carbon phase present in the SiCN microstructure takes place. The free carbon phase offers various 

Li-ion storage sites, namely intercalation between the carbon layers in the clusters, adsorption at 

the surface and the edges of carbon-crystallite and the lithiation of defect sites and pores [258, 

259] . When the delithiation branch is considered, the first part (up to a potential of 1 V) is based 

on delithiation of the free carbon phase while the second part (1 to 3 V) corresponds to desorption 

of Li-ions from the surface and pores [260, 261] . A pronounced hysteresis for SiCN 900 is 

attributed to a high hydrogen content [262, 263] . However, increasing the pyrolysis temperature 

leads to lower hydrogen content but in the same time increases the organisation of the carbon 

phase resulting in lower specific capacity. Figure 25b shows voltage profiles of the 100th cycle 

where the lithiation branch has the typical sloping shape of porous disordered hydrogen-

containing carbons [258, 261] . 
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Figure 25: Insertion/extraction voltage -capacity transients. (a) Voltage profiles of the first cycles recorded for SiCN 

900, 1100 and 1400. (b) The corresponding voltage profiles of the 100th cycle. Reproduced from Ref. [6] with 

permission from the Solid State Ionics. 

 

Figure 26: Electrochemical performance of the selected porous ceramics at various current densities. (a) The capacities 

recovered at different current densities by SiCN 900 and SiCN 1100. (b) The corresponding Coulombic efficiencies. 

Reproduced from Ref. [6] with permission from the Solid State Ionics. 

 

In order to verify the storage stability of the porous ceramics rate capability tests were performed. 

Figure 26ab shows recovered capacities at different current densities and corresponding 

Coulombic efficiencies of SiCN 900 and SiCN 1100. At all current rates the ceramic obtained at 

900 °C shows higher capacities than the 1100 °C sample. One should note that the stable retained 

capacity of 135 mAh·g-1 at the cycling rate of 10C (3720 mA·g-1) is the highest ever reported in 

literature for any dense SiCN ceramic [264] . Such exceptional cycling stability and capacity at high 

current densities is rationalised by the introduction of the porosity and therefore shorter Li -ion 

diffusion path/faster ionic transport [265, 266] . 

Among the investigated samples, SiCN 900 demonstrated the best electrochemical performance. 

The lithium storage capacity tends to decrease significantly with the increasing pyrolysis 

temperature. This decrease is induced by the structural evolution of free carbon phase from highly 

disordered toward more organised configurations. Higher organisation of carbon supresses 

available Li-ion storing sites and, in consequence, leads to lower overall capacities. On another 
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hand, higher Tpyr diminishes the hydrogen content and lowers the voltage hysteresis. At 1400 °C 

significant changes within the ceramic microstructure occur, the SiCN matrix undergoes solid state 

reaction with carbon forming electrochemically inactive SiC. Nevertheless, the porous samples 

SiCN 900 and SiCN 1100 show, in comparison to their dense analogues, improved high current-

rate capabilities in terms of capacity and cycling stability. While the simple and facile synthesis 

route allows to produce large amounts of porous and carbon-rich SiCN ceramics rendering the 

investigated materials as a promising anode materials in LIBs. 
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50   

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 



 

Summary and Outlook  51 

4. Summary and Outlook  

 

This PhD work has been focused on new materials with a tailored microstructure for the 

application in green energy technologies notably Li-ion battery- and CCS-technology. Polymer-

derived SiCN/SiOC ceramics were employed to stabilize the silicon anode in Li-ion batteries during 

the lithiation/delithiation process. In particular, the influence of anode microstructure on the 

cycling behaviour of elemental silicon was investigated. Commercially available dense silicon 

nanoparticles coated with carbon and embedded in the SiCN matrix were electrochemically tested. 

The void space required for the accommodation of the silicon volume change during 

lithiation/d elithiation was generated by out-burning of the carbon shell. Although this experiment 

resulted in only a minor improvement  of the electrochemical performance, it provided critical 

guidelines for further experimental work. 

Significant improvement has been achieved by tailoring silicon morphology. Magnesiothermic 

reduction of silica at 800 °C yielded silicon nanoparticles with highly  open porosity and specific 

surface area in the range of 200 to 600 m2g-1. The carbon/SiOC protective layer, together with a 

void space located in the pores of Si, provided a dense stable shell around Si nanoparticles acting 

as a separation barrier for the electrolyte. This led to a stable SEI and resulted in constant capacities 

of 575 mAh·g-1 over 50 cycles and good Coulombic efficiencies.  

A systematic screening of different compositions allowed us to identify the  role of carbon and the 

ceramic contributing to the electrochemical performance. The carbon present in the pores and 

around Si particles enhanced the electrical conductivity and suppressed the agglomeration of 

primary silicon particles. The SiOC ceramic preserved the composite morphology and effectively 

separated Si from the electrolyte. The sole carbon shell did not provide sufficient protection of Si 

against the electrolyte, leading to low Coulombic efficiencies and the capacity fading with ongoing 

cycling. 

Next, AlCl3 assisted magnesiothermic/aluminothermic reduction of SiO2 was applied at 220 °C, 

yielding highly porous Si. It  simplified the synthesis of silicon significantly  and made the overall 

procedure cost-effective and up-scalable. The highly porous silicon embedded in the C/SiOC matrix 

showed exceptionally high Coulombic efficiencies of 99.5%, and nearly 100% of capacity retention 

over more than 100 cycles. The rate capability tests confirmed remarkable stability despite the 

relatively high electrode mass loading of more than 2 mg·cm-2. Finally, the up-scaling potential has 

been demonstrated by using commercially available glass fibers as a precursor of porous Si. 

Extensive electrochemical tests revealed the outstanding performance of fiber-based composites 

with the Coulombic efficiency of 99.5%, and nearly 100% of capacity retention, see Figure 27. The 

excellent electrochemical performance was assessed by molecular dynamic (MD) simulations.  
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The MD studies showed that the macroscopic expansion of porous Si at the maximum Li content 

remains well below that of the dense silicon, namely 25% for the investigated system vs. 280% for 

dense Si. Upon delithiation no significant re-opening of the pores occurs. Instead, the system 

shrinks homogeneously and the free volume that was initially distributed over the pores reappears 

as free volume between the surface of the dense Si particle and the SiOC matrix (Figure 27). This 

feature explains the outstanding cycling stability and high Coulombic efficiency . 

The significant irreversible loss of Li in SiOC and disordered carbon during the first lithiation 

remains a major challenge in the process. Decreasing the amount of SiOC ceramic, responsible for 

the irreversible trapping of Li -ions in the proximity of polar Si -O bonds, would significantly 

increase the first cycle efficiency. It should also boost overall composite capacities due to the higher 

Si content. Another approach would be to exchange Si-O containing ceramics against Si-N 

ceramics. The more covalent character of the Si-N bonds might help to decrease first cycle losses. 

Moreover, any other electrically conductive ceramic matrix providin g a stable composite shell will 

solve the problem of the first cycle irreversibility.  

 

The second part of this thesis discloses a de novo invented synthesis route allowing to tailor the 

porosity of Si-based ceramics using simple chemical tools. Perhydropolysilazane, divinylbenzene 

(DVB), and di-n-butyl ether (DBE) were used as the starting reaction mixture. Ceramics with 

different textural properties were obtained from a  crosslinked precursor after thermal treatment 

at T >  700 °C. Increase of the pyrolysis temperature led to a decrease of the specific surface area 

(SSA) and the total pore volume (TPV). Pyrolysis at 1100 °C yielded stable pores located within 

 

Figure 27: Schematic of the lithiation/delithiation of S i/C/SiOC and the electrochemical performance of the 

investigated composites. Electrochemical tests reveal the outstanding performance of nanoparticle-based and fiber-

based composites with Coulombic efficiency of 99.5%, and nearly 100% of capacity retention over 100 cycles. 
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the ceramic, emphasizing the uniqueness of the new synthesis procedure. The texture of the final  

ceramic was also affected by the pyrolysis atmosphere. Using argon, vacuum and switching from 

argon to vacuum at temperature of 500 °C enabled to tune the type and amount of pores. 

Mesoporous ceramics with SSA of 169 m2·g-1 and TPV 0.48 cm3·g-1 were obtained at 900 °C under 

argon atmosphere whereas the combination of argon and vacuum resulted in a slight decrease in 

SSA (125 m2·g-1) and TPV (0.47 cm3·g-1). When vacuum was applied during pyrolysis, the SSA and 

the TPV decreased to 72 m2g-1 and 0.1 cm3·g-1, respectively. Moreover, some micropores appeared 

whil e large mesopores disappeared.  

Varying the concentration of DBE in the starting mixture appeared to be a versatile tool in tailor ing 

the ceramic microstructure. The gradual change of the DBE concentration enabled the tuning of 

the amount/type of pores, while in the absence of DBE only dense ceramics were obtained. With 

2 ­ 4% of DBE a mixture of micro- and meso-pores occurred. At high dilution (more than 50% of 

DBE) meso- and macro-porosity was achieved.  

Electrochemical properties of the porous carbon-rich SiCN ceramics pyrolyzed at 900, 1100 and 

1400 °C were investigated with respect to the reversible storage of lithium ions. Samples pyrolyzed 

at 900 °C revealed the best performance with a stable capacity of 534 mAh·g-1 (at a current density 

of 74 mA·g-1). The Li storage capacities were found to decrease with increasing pyrolysis 

temperature. This decrease can be explained by the structural change of the free carbon phase 

from highly disordered towards more organized carbon. During pyrolysis at 1400 °C the amount 

of free carbon decreases due to the carbothermal reaction. Nevertheless, all porous carbon-rich 

SiCN ceramics showed an enhanced current capability in comparison to their dense analogues. 

Use of hierarchically porous SiCN ceramics for the CCS technology  

The CO2 capture capacity is supposed to be enhanced by the presence of nitrogen-containing 

groups, together with hierarchical mesostructures, which include a high BET surface, a stable 

framework, and the presence of a large number of micropores and small mesopores. Thus the SiCN 

800 ceramic has been examined with respect to the CO2 capture. The first tests revealed 1.5 and 

1.9 mmol of CO2 (per gram of SiCN) adsorbed at 1 bar pressure at 25 and 0 °C, respectively. These 

values are comparable with storage capacities of commercial carbons and zeolites. 

The preparation method described above allows to synthesize functionalized Si-based ceramics 

with tailored hierarchical porosity  stable beyond 1000 °C. For example, replacing DVB by 

divinyltiophene (DVT) wi ll provide S-containing porous ceramics, whereas divinylpyrrole as 

crosslinking agent introduces additional nitrogen.  The functionalized porous ceramics can be 

considered to be applied as electrically conductive matrices for sulphur electrodes in Li-S batteries 

and as high-capacity, thermally and chemically stable CO2 sorbents/selective membranes.
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