%57 TECHNISCHE
&)=\ UNIVERSITAT
»> DARMSTADT










Silicon Based Materials for Energy Related Technologies

Silicium basierte Materialien fur energiebezogene Technologien

Genehmigte kumulative Dissertation von M. Sc. Dragoljub Vrankovic aus Gradiska, Bosnien

Darmstadt, Technische Universitat Darmstadt

1. Gutachten: Prof. Dr. Ralf Riedel

2. Gutachten: Prof. Dr. Gian Domenico Soraru

Tag der Einreichung: 12.12.2017
Tag der Prufung: 01.03.2018

Verdffentlicht unter CC-BY-NC-ND 4.0 International
Darmstadt C D 17



Erklarung zur Dissertation

Hiermit versichere ich, die vorliegende Dissertation ohne Hilfe Dritter nur mit den angegebenen
Quellen und Hilfsmitteln angefertigt zu haben. Alle Stellen, die aus Quellen entnommen wurden,

sind als solche kenntlich gemacht. Dieg Arbeit hat in gleicher oder &hnlicher Form noch keiner

Prufungsbehorde vorgelegen.

Darmstadt, den 12. Dezember2017

(Dragoljub Vrankovic)







The presented cumulative dissertation summarizes the esgsdial scientific findings reported to the
scientific community in the following peer -reviewed articles and asa patent. The reports itself [1]

- [7] are enclosed in the Chapter Publicationsat the end of this work.

[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 Scienc&1 (2016) (12)
6051.

[2] D. Vrankovic, K. Wissel, M. GraczykZajac, R. Riedel, Novel 3D Si/C/SIOC nanocomposites:

toward electrochemically stable lithium storage in silicon, Solid State lonics302 (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 lonics 302
(2017) 180.

[4] J. Rohrer, D. Vrankovic , D. Cupid, R. Riedel, HJ.Seifert, K. Albe, M. GraczykZajac, Novel St
and Sn-containing SIOCN-based nanocomposites as anode materials for lithium ion batteries:
synthesis, thermodynamic characterization and modelling, International Journal of Materials
Researchl108 (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 ina Ceramic Matrix: A Stable High-Capacity
Electrode for Li-lon Batteries, ACS Nanp 11 (2017) 114009.

[6] M. Storch, D. Vrankovic , M. Graczyk-Zajac, R. Riedel, The influence of pyrolysis temperature
on the electrochemical behavior of porous carbonrich SiCN polymer-derived ceramics,Solid State
lonics315 (2018) 59.

Patent:

[7] D. Vrankovic, M. Storch, C. Schitco, M. Graczyk-Zajac, R. Riedel,Solvent assisted synthesis of
micro/mesoporous ceramics from preceramicpolymers, German Patent registration DE 10 2016
116 732 Al.







Table of Contents

List of Abbreviations

1. ....Introduction 1
2. ....Fundamentals 3
2.1 Lithium -ion battery 3
2.1.1. Basic concepts and electrochemical principles 3
2.1.2. Material aspects 6
2.1.3. Silicon alloying anodes and hanocanposites 7
2.2. Polymer-derived ceramics 9
2.2.1. General background 9
2.2.2. SiOC and SiCN as an active insertion host 11
2.2.3. SIiOC and SiCN as stabilizing matrix 13
2.2.4. Porous polymerderived ceramics for energy applications 13
3. ....Cumulative Part of the Thesis 17
3.1 Silicon based composites 17
3.1.1. Discussion 18
3.1.2. Statement of personal contribution 24
3.2. Porous polymerderived ceramics as energy storage materials 26
3.2.1. Experimental methods 26
3.2.2. Results and discussion 29
3.2.3. Statement of personal contribution 44
3.2.4. The influence of the pyrolysis temperature on the electrochemical behaviour of porous
carbon-rich SiCN polymer-derived ceramics 44
3.2.5. Results and discussion 44
3.2.6. Statement of personal contribution 49
4. ....Summary and Outlook 51
References 55
List of Figures 65
List of Tables 67
Publications 69
Acknowledgments |
Curriculum Vitae 1l
Complete Publications List \%

Conference Presentations VI







List of Abbreviations

AK
ATR
BET
BF
BJH

CCS
CE
CNTs
Cir
Crev
Cin
Ctotal
DBE
DMC
DVB
DVT
E

EO
EC
EDS
e.d.
EMF
F
FTIR
3G
3GO
GCPL
GF

E

3 (ads
HAADFSTEM

HTT1800
HRTEM

i

IUPAC

K

La

LCO

LFP

LIBs

LiPK

Li-S

LMO
MAS-NMR
MD Simulations
MOFs

Arbeitskreis/Working group

Attenuated total reflection

Brunauer, Emmett and Teller

Bright-field

Barrett-Joyner-Halenda

Chemical activity of the component i

Anode specific capacity

Cathode specific capaity

Carbon capture and Sequestration

Cycling efficiency

Carbon nanotubes

Irreversible capacity

Reversible capacity

Theoretical capacity

Total capacity of a Li-ion battery full -cell

Dibutyl ether

Dimethyl carbonate

Divinylbenzene

Divinyltiophene

Electromotive force/difference in half -cell potential
Standard electrode potential

Ethylene carbonate

Energy-dispersive Xray spectroscopy

Of example

Electromotive force

Faraday's constant (96485.3365 C-mat)

Fourier transformed infrared spectroscopy
Change in Gibb's free energy

Change in standard Gibb's free energy
Galvanostatic cycling with potential limitation
Glass fibres

Coulombic efficiency

Adsorption enthalpy

High-angle annular dark-field scanning transmission electron
microscopy

Commercially available polyorganosilazane, Clariant GmbH, Germany
High-resolution transmission electron microscopy
Current density

International union of pure and applied chemistry
Equilibrium constant

Lateral size of the carbonnanodomains

Lithium cobalt oxide

Lithium iron phosphate

Lithium ions batteries

Lithium hexafluorophosphate

Lithium -sulphur batteries

Lithium manganese oxide

Magic angle spinning nuclear magnetic resonance (spectroscopy)
Molecular dynamic simulations

Metal-organic frameworks

List of Abbreviations



NCA
NMC
NMP
NMR
NP

p

P

PDC
PHPS
PMS MK

PVDF

q
Qm

R
Ref.
RD-684a
SEI
SEM
SIiCN
SioC
SSA
T
TEM
TGA
TPV
prf
e
3V
W
wt. %
XRD

Number of electrons

Nickel cobalt aluminium oxide

Nickel manganese cobalt oxide

N-methyl-2-pyrrolidone

Nuclear magnetic resonance (spectroscopy)

Nanoparticles

Specific power

Power

Polymer-derived ceramic

Commercially available perhydropolysilazane, AZ Electronic Materials
Commercially available polyorganosilsesquioxane, WackeBelsil,
Germany

Polyvinylidene fluoride

Specific charge capacity

Mass specific capacity contribution of the inactive components of a li-
ion battery full -cell, in mAh-g?

Gas constant (8.314 Jmol*-K?)

Reference

Commercially available polyorganosiloxane, Starfire Systems Inc, USA
Solid electrolyte interface

Scanning electron microscopy

Silicon carbonitrtide

Silicon oxycarbide

Specific surface area

Temperature

Transmission electron microscopy

Thermogravimetric analysis

Total pore volume

Temperature of pyrolysis

Standard cell voltage

Change in volume

Specific energy density

Weight percent

X-ray diffraction




1. Introduction

The continuously increasing energy demands ofmodern society impose new challenges to existing
environmental problems notably, the climate change by greenhouse gas emissionsReaching a
ej m _j u_pkgle 8ucj | "cjmu 0 é&Ap thewse 0f.fo3sil fuglsc 0 s g
Among all hydrocarbon fuels only natural gas faces a moderately secure position as bridge to a
low-carbon future. Gas has lower emissions than oil and coal, but is still a carbonbased fossil fuel
with limited availability. For its extensive use, a significant development of Carbon Capture and
Sequestration (CCS) echnologiesis required. Thesea _j j ¢ b 8 enp quc Ir c aehgblesthene w
usage of carbonbased sources withhigh efficiency and in an environmentally friendly manner.
Additionally, the green carbon strategy preserves carbon resources for higkvalue 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 willdevelop [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 aghe main aspect
in the green economy scheme. The development of rechargeable batteries over the past 150 years
from lead-acid cells in the 1850sto 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 electolyte. In the past decades, scientific and
technological progress enableda significant improvement in the safety, performance and lifetime
of the cells but almost no progress concerningbasic electrochemical processes has been made.
Currently, there is a strong demand for higher energy densities to satisy the significantly increased
energy consumption of portable electronics, to extend the driving range of electric vehicles and to
provide safe, high capacity reservois for renewable energy. Thelow 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 nowadaysfocused on
increasing the energy density of cathode and anode active materialsyhile 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 halfcell 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 disclosesa de novo
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invented synthesis route for porous Stbased ceramics using simple chemical tools. The highly
efficient and cost-effective method provides hierarchically porous materials alko suitable for, e.g.,

CQ, gas capture and storage.

2 Introduction



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 chalenges
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 materidk also

includes a brief overview of porous ceramics used forenergy applications.

2.1. Lithium Hon 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 conceptg18, 19] .

8 ? ° _r r c p wnedas h systern thataisks electrochemical reaction to directly convert the
afckga_ | clcpew md | cj ¢ ar pifhb tn gdoeral, batteyiesjcandpd r m
classified as primary and secondary batteries. Primary batteries are used only ore 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 largescale applications, the electrochemical cells are grouped into
separate modules. The cells form a batterysystem 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 thenore positive electrode is
called a cathode. Lithium secondary batteries are based on lithium ions (LT) migrating between
the cathode and the anode throughan organic electrolyte, while electrons migrate via an external
circuit. A schematic drawing of a secondary Lrion cell is shown in Figure 1. Eqg. 1 describes the
electrode reactions during charge/discharge, with the graphite anode and LiCoQ 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 tothe cathode which is subsequently reduced.
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The basics of battery electrochemistry

The intrinsic voltage of electrochemical cells at eauilibrium is controlled by the Nernst equation.
The Nernst equation can bederived from the Gibbs free energy relationship shown in Eq 2 [18,
19].

Yy'O ¢&"00 Eq. 2
where n is the number of electrons involved in the oxidation/reduction reaction, Fis the Faraday

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

Knowingthat ¥ 'O ¥ "0 'Y "¥ D hit follows after division of both sides by z¢ "@hat:

o y o YWB
€0 ¢
. ’ g i
where0 B & and'0 Y leads to:
i Y'Y

When considering the following electrochemical reaction:
o 6 ©b QO
Eg. 3 can be rearranged and the voltage of the system can be expressed by:

o d }%%—%— Eq. 4
where B 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 ad the corresponding soichiometric
coefficients.

When the reaction reaches equilibrium, Q becomes equal toK, 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 see =0

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

ip 9
Ny

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

Eqg. 5

of reactants during the operation of the battery (Eq. 6). The unit of q is ampere-hour per
kilogram/liter ( Ah-kg?*; Ah-L?).
4o

Eq.6
d q

n
The specific energy densityW is derived from the change in Gibbs free energy per mol of reaction,
divided by the mass of the reactants asshown in Eq. 7. The unit is watt-hour per kilogram
(Wh-kg?).
a "ard
a
The energy that can be derived per unit of time is defined as the power P of a battery and shown

W Eq.7
in Eg. 8. When the power is considered per mass othe electrochemical cell, it is referred to asthe

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

0 "0 Eq.8
n @ Eq.9
a

The coulombic efficiency — is defined as theratio between the recovered andthe inserted charge
according to Eq.10. It is important to note that the irreversible losses during the first cycle are
generally caused bythe formation of the so called Solid Electrolyte Interface (SEI) and the trapping

of Li-ions in the electrode material.

- —— M Eq. 10
n
L [':’?-. L Discharge
Al
Anode (-) — Nt = Charge Cathode (+)

® . "__‘\___' -
Current collec 3 o [ ] nt collector

. [ Aluminum
Discharge

Graphite
Li,Cs

Li* conducting Lithium cobalt oxide
electrolyte Liy.xCoOy

Figure 1: Schematic drawing of the lithium-on 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 dectrodes used in current LIBscomprise of a material responsble for the storage ofthe lithium
ions, a binder and a conducting agent (denoted as additiveg. Typical active materials used as
cathode (Table 1) include the initially developed LiCoO, (LCO) and LiMn,O. (LMO). Since
LiNixMnyCo1.xyO2 (NMC) has the sameR3-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 LiNiogoC0o.15Alo.0sO2 (NCA). Its main
advantage over LCO is themuch higher capacity. LiFePQ (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 le classified into three different categories: i) intercalation,
i) alloying and iii) conversion materials. Graphite stores lithium ions by intercalating them
between graphene layers during lithiation, getting reduced in the process. Additionally, the
stadking order in the graphitic host material along c¢ -direction changes from ABAB to AAAA. The
highest stoichiometry at room temperature is LiCs, which results in the theoretical capacity of
372 mAh-g! [11, 19, 23, 24] .

Table 1: Properties of various cathode materials used inthe commercial lithium ion battery. Reproduced from Ref. [23]
with permission of the Journal of The Electrochemical Society

Midpoint
Cathode voltage vs. Specific
Material Li (C/20) Capacity Advantages Disadvantages Applications
LCO 3.9 155 In common use, good Moderate charged state ~ Mainly smaller portable
energy thermal stability electronics
LMO 4.0 100-120 Very good thermal Moderate life cycle, lower Higher power
stability, inexpensive, energy applications such as
very good power power tools and electric
capability motive power
NCA 3.7 180 Very good energy, Moderate charged state Excellent for motive
good power capability, thermal stability, sensitive power and premium
good life cycle to moisture even in electronic applications
discharged state
NMC 3.8 160 Very good combination Patent issues Both portable and high-
of properties (energy, power applications
power, life cycle and including power tools
thermal stability) and electric vehicles
LFP 3.4 160 Very good thermal Lower energy, special Mainly used in high

stability and life cycle,
good power capability

preparation conditions,
patent issues

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 ograting voltages,
are the main factors contributing to the energy density of a rechargeable battery. Concerning the
calculation of the total cell capacity (Ciwta), the mass specific contribution Qn of the inactive cell
components (binder, separator, electolyte, outer cases, etc.) also has to be taken into account
[25] :

P P P

° 6 6 0

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 relatvely small number of
crystallographic sites for storing chargecarrier ions. Thus, electrodes that are based on soliestate
(alloying and conversion) or gasphase reactions attractinterest. 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 pnmising 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? for Li1sSis) [25-29].

Despite these advantages, largevolume 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 solidelectrolyte interface (SEI) which causes the thickening of the SEI and
hence,a low Coulombic efficiency (CE) [30, 31] . Several advanced nanomaterialdesign 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 nanopartides 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 bonding 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 indeedhave led to a significant improvement of the life cycle and
the specific capaciies. However,complex preparation procedures andexpensive 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 repaded by Bao
et al. [58] . It was shown that the reduction of SiO in the presence of magnesium leads to nane
structured Si. Significant amount of work has been done ever since in order to optimize this
procedure and to prepare nanostructured porous siliconmaterials for battery applications [59 -64] .
The generated porosity results in a large surface area accessible to the electrolytg short Li-ion
diffusion path and void spaces necessary for volume expansioryltimately leading to an effective
release and/or homogeneous strainstress distribution within the structure. Lin et al. [65] showed
that temperatures as low as 250 °C are sufficient to prepare crystalline Si naneparticles in high
yields using aluminothermic or magnesiothermic reduction. Extensive resarch 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 sgific
surface area and reduced particle sizg29, 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 theame 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 nanosructured silicon in an inexpensive matrix, capable of providing sufficient ion

and charge transfer, achieving additional storage capacity and acting as electrolyteblocking layer
could be a promising solution to the abovementioned problems with nanostructured silicon.

Primary Si nanopatrticles have the necessary void space required to mitigat#olume changes while

um-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 tbugh 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 forthe preparation of ceramic products
without the need for additives or sintering agents. Well-established polymer forming techniques
could be used to obtain complex ceramic shape$70] .

Historically, synthesis of non-oxide ceramics from molecular precursorswas 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 smalt
diameter SisNs and SiC ceramic fibres from polysilazane, polysiloxane and polycarbosilane
precursors. Similarly, in the 1970s, Yajima reported on the innovative process of preparing SiG
based ceramic fibres by the hermolysis 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, PDCshave to acquire specific properties (novel compaosition or particular shapes) and
haveto be affordable and easy to implement in industrial processes. After the early studies on the
classical binary (SkN4, SiC) or ternary (SiCO, SiCN) ceramics, sinificant 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 ard 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 inmore details in
Chapter 2.2.2 and Chapter 2.2.3

SiOC and SiCNbelong 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 siliconbased polymers employed. This makes it
possible to prepare various chemical compositions bythe 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 temperaturesO800 °C [104] .
SiOC ceramics are generally prepared from crosslinked polysiloxanes. As an alternativehe sol-
gel processing is also widely applied. Hereby, functionalized silicon monomers are reacted tdorm
a gel which is subsequently converted intoa ceramic. The solgel 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 forminga sp?-hybridised carbon, often
a_jjcb §&dpcc[lod 131-134). TEMrsthidies|and electrical conductivity measurements
showed that depending on the amount of segregated carbon, either carbon nao-domains or a
percolating carbon network will form [135-137]. Latter frequently occursinthegm a _j j ¢cb 8a _p  n
pgaf p siowhick the content of carbon typically exceeds 20 wt.%[104] . The chemical
composition of the SIOCmatrix can be expressed as: Si{Dx1.x) + YC free Where SiGO2q ) represents
the chemical composition of the amorphous SiOC matrix, and yGqee the carbon phase[119] .
Similar to SiOC, SIiCN ceramics can be prepared from crosslinked polysilazanesor
polysilylcarbodiimides. During pyrolysis in an inert atmosphere, polysilazane converts to an
amorphous ceramicaml qggqrgle md _ 8kgvcb " mlbqu amldgesp _t
discussed above), with tetrahedrally coordinated silicon atoms bonded to carbon/nitrogen in
configurations ranging from SiC, via SiGN, SiGN2 and SiCNs to SiNg4. In contrast, the pyrolysis of
polysilylcarbodiimides leads to the formation of an amorphous nanocomposite comprised of SiNa,
SiC and a segregated carbon phasfl04, 138-142].
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Figure 2: Chemical formulas of dfferent organosilicon polymers and schematic representations of the corresponding
microstructure after pyrolysis[70, 104, 131, 138]

2.2.2.Si0C and SiCN as an active insertion host

In the past two decades, SiOC and SiCN attracted a lot of attention as persgctive 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-¢ for SICN and SiOC, respectively

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

high carbon content proved to be the most promising. They exhibited the highest gravimetric
capacities (up to 900 mAh@™), good rate capabilities (up to 200 mAh@™* at 2C rate) and reliable

cycling stability of more than 200 cycles [150-164]. The major drawback of SiIOC 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 Ltion storage in SiOCs is still
not fully explored, three electrochemically active sites have been identified by ‘Li-MAS-NMR

measurements[150, 151, 153, 168-171]. Major contributions are assigned to interstitial sites and
edges ofthe carbon layers while another part of the Li-ions are stored inthe 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 SiIOC by lowering the chemical potential (energy levels) of carbon [173,
174].

In comparison to SiOC ceramics, little work has been done on polymerderived 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 SIiCN based electrodes
[175] . The reported capacities of 39 mAh-g' 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* 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 SiCNbased electrode maerials [161, 176 -183].
Single-source precursor derived SiCN ceramics also showed a stable electrochemical behavior with
reversible capacities up to ~300 mAh-g* [184-187]. Reinold et al. [188] , reported the excellent
performance of carbornrrich SICN materials and discussed the influence of the microstructure of
the ceramic on the electrochemical performance. Solid state NMR studies on arbon-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 Siceramic 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 SiO bond in SiIOC 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 ceamics have been observed. Thearbon 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.S510C and SiCN asstabilizing matrix

Graczyk-Zajac et al. and Feng ¢ 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 thathe ceramic SICN phase prevents theexfoliation of
graphite and thus stabilizesthe 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 capabilitied180, 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 bythe single-source synthesis
method. PolysilsesquioxaneWacker-Belsil PMS MK (resulting in low carbon content SiOC ceramic)
and polysiloxane Polyramic RD684a (resulting in carbon-rich SiOC ceramic) have been
functionalized with tin(ll)acetate. The carbon -rich ceramic/tin composite showed great cycling
stability and rate capability with initial cycle reversible capacities of 651 mAh-g™.

Embedding Si in a PDCbased matrix makes it possible to accommodatethe stress caused by
alloying with lithium. Reinold et al. [197] reported on the advantage of using polymerderived
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 gcling stability nor capacities was provided. Kaspar et
al. [198] and Liu et al. [199] prepared composite materials based on silicon nanoparticles
dispersed in a polymerderived and sol-gel derived SiOC matrix, respectively. Kaspar et al. used
polyorganosiloxane Polyamic 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 focusednahe 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,
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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 C@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 between2 - 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), tortuosdty, 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 recenyl 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 € and corrosive environments[202, 203, 206, 208 -211].
GI _ pctgcu clrgrj olbmbgskbngiNunderjingdcthe radvanthgep af sympthetic A

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

Materi als for CO; capture and separation

Carbon dioxide (CQ,) capture is regarded as one of the biggest challenges of the 2% century.
Carbon capture and storage (CCS) involves C®@ capture from power plants, followed by
compression, transport and permanent staage. The capture step of CCS represents approximately
two thirds of the total cost of CCS[212-214]. Coalfired power plants, which are the largest source
of CO; emission, produce flue gas at ~1 bar with a CO, concentration of less than 15% [215] .

Industrg _ | nmqr amk  sqr g mil a_nrspc magaasppsq gl equp rwajfjl mg
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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 byproducts such as SQ 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 CQ, capture are based on the storage of C@in light -weight solid
materials involving two mechanisms: (i) chemisorption, where CO, molecules interact chemically
with functional groups (e.g., metal sites or amines) forming strong bonds, and (ii) physisorption,
where CQO, molecules adsorb less strongly in pores. Materials with a chemisorption mechanism
adsorb CQ selectively even in the presence of other gasebaving 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 monotonically decrease with the increasing
loading of sorbate [221] .
The main demands to achieve a high CQ capture based on the physisorption mechanism arg¢222 -
225]:

1 High adsorption capacitylarger than 1 mmol-g* [226]

1 Moderate heat of adsorption{D Hags) ~ < 50 kJ-mol

1 Selectivity of CQ over common industrial gaseR219, 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). Zeolitesvere reported as promising adsorbents due to
their enhanced adsorption properties. However, their low selectivity for CO./N ; and their high
regeneration temperature still present important drawback s. 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. Metatorganic 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 day an important role in enhancing the CO; storage capacity. Mesoporosity
improves mass transfer allowing for faster CQ equilibration. Thus, the current research strongly
focuses on the improvement of the pore structure and surface area by introducing higarchical
porosity.

Apart from the introduction of hierarchical porosity the chemical modification of the pore surfaces
is important. The CQ; capture capacity isenhanced by the presence of basic nitrogercontaining
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] , suggestingthat

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

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

Silicon-based polyme-derived ceramics (PDCs) inherit thermal stability [104, 131] in line with
high electrical conductivity [161, 163] for carbon-rich PDCs. Furthermore, porous carbonrich
SiOC ceramics proved to have exceptional electrochemical properties especially at higleurrent
densities [154, 156, 162, 236] . Pradeep et al.[236] reported that porous SiOC ceramics with
designed porosity deliver more than 900 mAh-g! at C and 200 mAh-g! at 20C current rate. At
present, PDCs with a stable porosity at temperatures higherhan 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.

16 Fundamentals



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 commercialsilicon-based anodes

Chapter 3.1 presents a short summary of the results obtained duringthe systematic study of St
based nanocomposites. The emphasis is on the cycling stability and the Coulonib efficiency of
the investigated composites, representing the most important challenge of the siliconbased
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 orsacrificial agents. Finally, successful tests of

the porous ceramics as an anode material in LIBs and C@©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. GraczykZajac, Void-shell silicon/ carbon/SiCN

nanostructures: toward stable silicon-based electrodes,Journal of Materials Sciencél1 (2016)

(12) 6051.

[2] D. Vrankovic, K. Wissel, M. GraczykZajac, R. Riedel, Novel 3D Si/C/SiOC nanocomposites
toward electrochemically stable lithium storage in silicon, Solid State lonics302 (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
lonics 302 (2017) 180.

[4] J. Rohrer, D. Vrankovic , D. Cupid, R. Riedel, HJ.Seifert, K. Albe, M. GraczykZajac, Novel
Si- and Sn-containing SIOCN-based nanocomposites as anode materials for lithium ion batteries:
synthesis, thermodynamic characterization and modelling, International Journal of Materials
Research108 (2017) (11) 920.

[5] D. Vrankovic , M. Graczyk-Zajac, C. Kalcher, J. Rohrer, M. Becker, C. Stabler, G. Trykowsk
K. Albe, R. Riedel, Highly Porous Silicon Embedded in a Ceramic Matrix: A Stable HigkCapacity
Eledrode for Li-lon Batteries, ACS Nang 11 (2017) 114009.

Silicon based composites 17



In the present chapter, the influence of a composite morphology on the cycling behavior of
elemental silicon will be discussed. Polymerderived SiCN/SIOC ceramics are employed as the
stabilizing matrix 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 Spatrticles 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 nanopatrticles. Figure 3 depicts a schematic representatbn 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 silicon 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 nanopatrticles,
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 anmprovement of the cycling stability compared to the pure
silicon electrodes. No large cracks of the matrix after 100 cycles have been identified. Mvertheless,
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 simfified approach was developed, where the

accommodation volume is introduced in primary silicon particles.
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Figure 3: Schematicof 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, €oated 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 tle next step, carbon is partially outburned at 600 °C in air, leading
to free space around silicon particles. Finallythe 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 @f cross section of the final composite. TEM micrographs confirnthe presence of silicon
particles covered bycarbon dispersed in SiCN ceramic. Coating with carbon prior to embedding in ceramic matrix helps
to suppress agglomeration of silicon nanoparticles. EDS analysis confirmes 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 (Siic) and amorphous (Siss)
silicon synthesized via magnesiothermic reduction reaction route were usedas starting material
for the composite preparation. To ensure electronic conductivity andto suppress agglomeration,
the porous silicon was coated with fructose-derived carbon and then embedded into the polymer-
derived SiOC ceramic. The pimary silicon particles show highly developed open porosity (Figure
5) confirming results obtained by N, physisorption measurements (SSA for Si and Sisa 0of 198 and
623 m?g?, respectively). Furthermore, X-ray diffraction and Raman spectroscopy measurements
of the final composites show that the crystallinity of Si as well as the amorphous character of Sk

primary silicon particles are preserved.
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Figure 5: Microstructural characterization of silicon prepared by two-chambers and saltassisted method. (a,b) TEM
micrographs of porous Sir derived by employing two different synthesis routes, hamely the two-chambers (St) and
the salt-assisted (Sk) methods. Both TEM micrographs highlight the mesoporous texture of primary silicon particles.
Significantly higher SSA four by N2-physisorption measurements for Sa is also visible onthe corresponding TEM
micrograph. Sic and Ska are further used as the starting material for composite preparation. Reproduced from Ref.
[3] with permission from the Solid State lonics

Systamatic 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 capaties of 575 mAh-g* and
500 mAh-g?* for Sii and Sis,, respectively.

Finally, the optimal route to synthesize the composite congsting of highly porous silicon stabilized
in a SiOC matrix has been developed. This approach combines a fairly easy preparath 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 three major
steps. First, highly porous silicon is synthetized by AICIl; assisted aluminothermic or
magnesiothermic reduction of silica followed by washing of the reaction byproducts. Apart from
in-house synthesized silica nanoparticles, the upscaling potential of the developed method is
underlined by the usage of commaecially available glass fibers (GFs) as silicon precursor. The
prepared Si samples consist of partially crystalline (< 10%) and phasepure silicon obtained at
220 °C. TEM (Figure 7) and N2-physisorption measurements ofthe 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 Kigure 8). In the second step, the porous silicon is coated
with fructose-derived carbon and subsequently, in the final step, embedded in polymerderived
SiOC. The complete coverage of primary silicon particles bya SIOC matrix is confirmed with

Raman spectroscopy. Electrochemical studies of laprepared 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 2mg-cm™.
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 themvestigated
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 genemlly 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 for the embedding SiOC matrix to counteract the inherent expansion to a large extent

and preserve electrode integrity.
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Figure 6: Schematic of composite preparation using silicon derived by AlGlassisted aluminothermic or
magnesiothermic route. Silica naroparticles and glass fibres are first reduced by alumino/magnesiothermic reduction
at 220 °C.The obtained Si is then washed in HO and etched in HCI to remove reaction byproducts. The porous Si i¢
further dispersed in a solution of fructose which forms a carbon coating after carbonization at 1100 °C. In the last
step, the Gcoated porous Si is mixed with the preceramic commercial polymer SPR 684a and pyrolysed at 1100 °
After pyrolysis, the final composite where Gcoated porous Si is embedded in a silico 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 AlCt-asisted alurminothermic and magnesiothermic
route. (a,b) TEM micrographs of porous Sie derived by employing two different synthesis routes, namely the
aluminothermic (Sinea) and the magnesiothermic (Siewmg) reduction reactions. Both TEM micrographs highlight the
mesoporous texture of the primary silicon particles.Skral and Skewmg are further used asthe starting material for the
composite preparation. Reproduced from Ref.[5] with permission from the ACS Nano

Figure 8: Microstructural characterization of silicon derived by AlCk-asisted aluminothermic and magnesiothermic
route. (a,b) SEM micrographs of porous Sie derived by employing two different synthesis routes, namely the

aluminothermic (Sineal) and the magnesiothermic (Sipmg) reduction reactions. SBM micrographs of Si nanoparticles
show the particle size of 5060 nm as well asthe partial coalescence of Siemg. (¢) SEM micrographs of microsized
silicon fibres demonstrate the macroporous texture after reduction reaction. The investigated porous silion

nanoparticles and microsizedfibres are further used asthe starting material for composite preparation . Reproduced
from Ref. [5] with permission from the ACS Nana

Figure 9 shows a comparison of the achieved Coulorbic efficiencies and the retained camcities
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 compositematerials are rationalized through a few
different aspects: first, the proposed method ensures a sufficient accommodation volume within
silicon patrticles 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 stabilizesthe volume expansion and minimizes the SEI formation provides

the required protection against the electrolyte, which leads to excellent electrochemical properties.
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3.1.2. Statement of personal contribution

[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 Sciencél1 (2016)
(12) 6051.

The initial idea behind this work was developed together with my former colleagues Dr. Lukas
Mirko Reinold and Dr. Jan Kaspar. Further development and optimization was done by myself.
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. Riglel)

and Transmission electron microscopy (TEM) done by Dipl:Ing. Ulrike Kunz (AK Prof. Durst). The

manuscript was written by myself and revised and approved of by Dr. Magdalena GraczykZajac
and Prof. Ralf Riedel.

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

toward electrochemically stable lithium storage in silicon, Solid State lonics302 (2017) 66.

The idea behind this work was developed by myself. Most of the experimental work was carried
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, | supported the engineering of a high temperature
stable reactor required for the sample preparation. | have also assigtd M. Sc. Wissel in the
optimization of sol-gel synthesis and the microstructural characterization (except TEM, Dipl-Ing.
Ulrike Kunz, AK Prof. Durst), composite preparation, electrode processing, electrochemical
measurements, as well as data evaluation ad interpretation. The manuscript was written by
myself. Dr. Magdalena GraczykZajac and Prof. Ralf Riedel revised and approved the manuscript

before publication.

[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
lonics 302 (2017) 180.

The idea behind this work was developed by myself. Most of the experimental work was carried
out by M. Sc. Kerstin Wissel during her maser thesis. M. Sc. Kerstin Wissel worked under my ce
supervision during the entire time. In particular, | supported the engineering of a high temperature
stable reactor required for the sample preparation. | have also assisted M. Sc. Wissel in the

optimization of sol-gel synthesis and the microstructural characterization (except TEM, Dipl-Ing.
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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 Graczyiajac and Prof. Ralf Riedel revised

and approved the manuscript before publication.

[4] J. Rohrer, D. Vrankovic , D. Cupid, R. Riedel, HJ. Seifert, K. Albe, M. GraczykZajac, Novel
Si- and Sn-containing SIOCN-based nanocomposites as anode materials for lithium ion batteries:
synthesis, thermodynamic characterization and modelling, International Journal of Materials
Research108 (2017) (11) 920.

My PhD thesis has been reabed within the SPP 1473 WeNDeLIB. This priority program finished
at the end of 2016. The above publication summarizes the results obtained in the 6year funding
period. My contribution to this work consists of describing the methods of Si stabilization wit hin

the SICN/SIOC matrix, which have been developed by myself.

[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 HigiHCapacity
Electrode for Li-lon Batteries, ACS Nano 11 (2017) 11409.

The idea behind this work was developed by myself. A part of the experimental work was carried
out by B. Sc. Malin Becker during her bachelor thesis. B. Sc. Malin Becker worked under my co
supervision during the entire time. In particular, |1 supported the development of molten salt
assisted synthesis, the optimization of solgel synthesis, microstructural characterization (except
TEM, Dr. Grzegorz Trykowski, Torun, Poland), composite preparation, dectrode processing,
electrochemical measurements, as well as data evaluation and interpretation. Additionally,
extensive electrochemical measurements and detail structural analysis were performed by myself
after B. Sc. Malin Becker left the group. Molecular dynamic simulations were done by Dr. Jochen
Rohrer (AK Prof. Albe). The manuscript was written by myself. Dr. Magdalena GraczykZajac, Dr.
Jochen Rohrer, Prof. Karsten Albe and Prof. Ralf Riedel revised and approved the manuscript

before publication.
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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 Al.

[6] M. Storch, D. Vrankovic, M. Graczyk-Zajac, R. Riedel, The influence of pyrolysis
temperature on the electrochemical behavior of porous carbonrich SiICN polymer-derived

ceramics, Sdid State lonics315 (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, he details of the developed synthesis with the emphasis on the roleof 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 SiCNceramics the polymer precursor, the solven
and the carbon sourcedivinyl benzene (DVB, Sigma Aldrich, UK) were used. Perhydropolysilazane
dissolved in di-n-butyl ether (PHPS in DBE, AZ Electronic Materials) wasused 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 (Sigma- Aldrich, 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?. Material
processing is divided into three parts, focusing on vaiation 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 PHPSwas reacted with diviny Ibenzene following the before mentioned

procedure without the presence of di-n-butyl ether. The denomination of the samples follows the
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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. .unu &Pcrqgaf Ek ™ F* Ecpk_I w'
Subsequently the powders weae sieved to particle size < 40 um. 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 (dvinylbenzene,
DVB), DBE, together with reaction products was assessed by FIR 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 to 4000 cm™.
Thermogravimetric analysis (TGA) was employed to monitor polymer to ceramic transformation
and pore formation. TGA was performed with STA 449C Jupiter (Netzsch Gerdtebau GmbH,
Germany) coupled with a FTIR-spectrometer Bruker Tensor27, 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 (99.5%) of 30 mL-mint. The temperature program
was set close to the conditions sed during pyrolysis with a heating rate of 20 °C-mint from room
temperature up to 1100 °C.
Nitrogen (N2) adsorption was performed at 77 K using an Autosorb-3B (Quantachrome
Instruments, USA). Before the measurements, the samples were preheated at 150 °6r 24 h under
vacuum. Using the obtained Ne-adsorption isotherms, the specific surface area was determined
from the linear Brunauer-Emmett-Teller (BET) plots; the relative pressure p/po was between 0.05
and 0.3. The amount of vapor adsorbed at a relativepressure of p/poal was used to determine the
total pore volume [240] . The micropore volume was determined using the de Boer's {plot analysis
[241] . The Barrett-Joyner-Halenda (BJH) method was applied to access the pore size distribution
[240] .
The chemical composition of the prepared S{(O)CN samples wasanalysed by hot-gas extraction,
using a Leca200 carbon analyser and Leco TG436 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 Awance Il 700 MHz spectrometer
operating at a proton frequency of 700.24 MHz. 2*Si NMR spectra were recorded with the following
parameters: single pulse sequence?®Si frequency: 139.1 MHz, A/8 pulse length: 2.5 ps, 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.

Crosslinking Ceramization
Denomination Atmosphere  Temperature  Time Temperature Time

(°C) (h) (°C) (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 b 250 3 900 3
SiCN 900V vacuum 250 3 900 3
SICN 900- 2% DBE argon 250 3 900 3
SIiCN 900- 4% DBE argon 250 3 900 3
SICN 900- DRY argon 250 3 900 3

* Pyrolysis of SICN 110@Gnd subsequent thermal treatment in argon at 1400C for 3 h

CQO, adsorption measurements were performed at Oand 25 °C by an ASAP2000 automated
volumetric analyser (Micromeritics, USA) using the same outgassing procedure mentioned for N-
adsorption.

An X-ray powder diffraction was performed on the prepared powders using a STOE STADI P
(STOE, Germany) equipped with monochromatic Mo-K, radiation in transmission geometry using
capillaries and flat-sample configuration.

Micro-Raman spectra were recorded withthe confocal micro-Raman spectrometer Horiba HR 800
(Horiba, Japan), using an Ar-lon laser with the wavelength of 514.5 nm. Spectra were recorded in
the Raman shift range from 0 to 4000 cm.

Transmission electron microscopy (TEM) studies were performed wih a 200 kV electron
microscope (JEOL JEM2100) 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). Highangle 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 wih 5 wt.% of Carbon Black
Super P? (Timcal Ltd., Switzerland) as conducting additive and 10 wt.% of polyvinylidene fluoride

(SOLEP® PVDF, Solvay, Germany) dissolved in Nmethyl-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 um, Copper SECuU58 (C103), Schilenk
Metallfolien, Germany) by doctor blade technique and dried at 40 °C for 24 h. Electrodes of 10mm
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 (SwageloR 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 ettrolyte 180 pL of 1M
LiPFs dissolved in EC:DMCL1:1 (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 tesng was performed with the VMP
multipotentiostat (BioLogic Science instruments, France) at the charging/discharging rate of
18 mA-g? to about 2 A-g?! between 0.005 and 3V.

3.2.2.Results and discussion
The method developed

Figure 10 shows a schematic represetation of the new synthesis which results in highly porous
carbon-rich SiCN ceramic. Perhydropolysilazane (PHPS), divinylbenzene (DVB), and dn-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 inFigure 11. The samples are denoted SiCN Jy:, for details please
refer to the Table 2 in the experimental section. Table 3 summarises the specific porosity data
measured by means of N-adsorption and calculated using Brunauer, Emmett and Teller (BET)
approach and tmethod. The N;-adsorption isotherms (Figure 1lab) indicate the mainly
mesoporous character of dl materials according to the IUPAC classification[204] . The N. uptake
above P/R, = 0.9 reveals the presence of large meseand macro-pores. The absence of a wel
defined saturation plateau is attributed to the porosity generated by the agglomeration of the
powdered sample. The high specific surface area (SSA) of 504n2-g* 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 organieto-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* 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 asshown 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 rirg?) and the TPV. Increasing
the pyrolysis up to 1400 °C leads to a carbothermal reactionfollowed by the significant increase
in the SSA (446 n?-g?t), TPV and the micropore volume (Table 3). Nevertheless, it should be noted
that the carbothermal reaction results in a porosity presert in the free carbon phase, whereas at
lower T,y the pores are localized in the ceramic. Figure 12a shows the comparison of the N-
adsorption isotherms of SICN 900 and SiCN 906DRY synthesized with and without DBE in starting

polymer mixture, respectively. SICN 900-DRY shows a nonporais character with the SSA of
13 m?-g!(Table 3), while in the presence of DBE the mesoporous ceramic is obtainedFigure 12b
shows the comparison of the N-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 9064% DBE). Both ceramics
present entirely different textures in comparison to the material pre pared in diluted conditions

SiCN 900, Figure 12bd. The N, adsorption isotherms of SiCN 9002% DBE and SiCN 9004% DBE
indicate the absence of macropores/large mesopores (no N uptake after p/p o = 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 m?.gt. SICN 900-4% DBE displays the increase of the SSA to 143 fagtand 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 °Che Ne-adsorption isotherms indicate the
mainly mesoporous characte of all materials. The No uptake above P/Po = 0.9 reveals the presence of large mesand
macropores in all samples(c,d) The calculated cumulative pore volume/pore size distribution vs. pore diametercurves
highlight the stable porosity over the entire range of pyrolysis temperatures.

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

Teller (BET) approachBarrett, Joyner and Halenda BJH) and tmethod.

Micropore

sample SSA Total Pore Volume Isotherm Pore Diameter
(m2/g)  Volume (cm?3/g) (cm?/g) Type (nm)
SiCN 500 504 0.90 0.08 v 3.7
SIiCN 700 235 0.56 0.01 v 3.7
SiCN 800 194 0.47 0.01 v 3.9
SiCN 900 169 0.48 0 v 3.6
SiCN 1100 104 0.46 0 v 3.9
SiCN 1400 446 0.72 0.10 v 3.6
SICN 900- 2% DBE 72 0.07 0.03 v 4.0
SICN 900- 4% DBE 143 0.16 0.06 v 3.7
SICN 900- DRY 13 0 0 - -
SICN 900- AV 125 0.47 0 v 3.7
SICN 900-V 72 0.1 0.02 v 34
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Figure 12c presents the N-adsorption isotherms and the cumulative pore volume curves (inset)
recorded for a sample entirely pyrolyzed under vacuum (SiCN 900-V) and a sample hattreated
under argon up to 500 °C and then pyrolyzed under vacuum (SiCN 90GAYV). Vacuum applied to
the entire process of the pyrolysis leads to a significantly reduced anount 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 slight decrease in the amount of small mesopores is
detected, resulting in the decrease of SSA from 169 m-g! for SICN 900 to 125 m?-g! for
SICN900-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.

40 400
a) 400 T <o 900 By40 708
350 4—=— SiCN 900 - DRY 350+ {3
€04
300 300 3
' o §
kS 250+ F 250+ Soz
o 200+ "o 200+ 2 st ;
5150- 5150_—0—SiCN 900 °°% 50 100 150 %0
> > —=— SiCN 900 - 4% DBE Pore Diameter (nm),
100 100 {—+— SiCN 900 - 2% DBE
504 50 -
0 +rmeassress s s S o SRS NSRS SOEE - Pl
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
plp, plp,
€) 400 =55 d) 1.0 -
> ——SiCN 900°C
3504 §05 - —— SiCN 900°C - 4% DBE
8o4 e 8 —— SiCN 900°C - 2% DBE
_300q3 . 5 —— SiCN 900°C - V
[ g 5 —— SiCN 900°C - AV
]2
(}B 250 go 2 '§) 0.6
"$20042"" =
ng 150 5009 S0 100 150 200 2 0.4
Rt ] Pore diameter (nm) g
> 100] ——900°C-V o
b (o]
—e—900 °C - AV 2 0.2
50 a}
0 ; ; ; : 0.0+
0.0 0.2 0.4 0.6 0.8 1.0 1

plp,

Pore diameter, nm

Figure 12: Influence of DBE concentration and pyrolysis atmosphereon porosity characteristics (a) Nitrogen
adsorption isotherms of SICN 900 and SICN 96DRY synthesized with and without DBE irthe starting polymer mixture
display significant difference in porosity. SICN @0 shows mesoporous characterwhile SICN 900DRY is dense.
(b) Nitrogen adsorption isotherms together with cumulative pore volume curves show a clear dependence ofthe final
porosity on the DBEconcentration. Macropores/large mesoporesare absentin SICN 90@2% and SiCN 90&1% DBE
¢) Nz-adsorption isotherms and the cumulative pore volume curvesrecorded for a sample entirely pyrolyzed under
vacuum (SiCN 906/) and a sample teat-treated under argon up to 500 °C and then pyrolyzed under vacuum (SiCN
900-AV). Pyrolysis under vacuum exclusivelleads 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 thepotential of
the invented method to tailor the porosity by varying the DBE concentration/pyrolysis atmosph ere.
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Figure 13: Elaboration of the preceramization mechanism in the presence of DBE. TGA coupled with FTIR spectroscof
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 SiHand CG:H4. DBE quits
the system at 450 °C, namely the temperature 300 °C higher than its boiling pointleading to a major mass loss.

Mechanism

The analysis of specific cta 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 theconversion
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-TIR signals for
SiH4, DBE and GH4 are displayed, in dependence of the measured time, and shown inFigure 13.
The TGA shows the first minor mass loss around 200 °C+2%), attributed to the CO, desorption
from the sample. Note that no degassing of DBE (bding point 141 °C) is recorded. The thermal
evolution of the crosslinked polymer starts at 400 °C, accompanied by degassing of Silland C;Ha,
as confirmed by FTIR. The grafted divinylboenzene 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 dataFigure
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
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pyrolysis leads to a slow but continuous mass loss {8%) up to 800 °C due to degassing of GHa,
SiH4 and DBE.

Exsitu 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
characterifr ga ~ _ | bepcmadcgtfcdbp8adckga_|j npcaspgmpqg _p
chemical structure shown in Figure 10. The FTIR spectrum of a chemically reacted intermediate
shows the presence of residual SH (2140 cm™) and N-H (1170 cm™) 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 PHPSDVB (Figure 14b). Crosslinking at 250 °C leads to a
decrease in the intensities of the SiH, 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™* and ~1580 cm* originating from remaining hydrocarbons.
The N-H (~3370 cm?) and Si-H (~2150 cm) bands decrease further but do not vanish due to the
steric hindrance impeding the reaction. The broad region of overlapping bands below 1100cm?
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™. 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™. No

chemical reaction between polymer/crosslinking agent and DBE takes place since no oxygen

Porous polymerderived ceramics as energy storage materials 35



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 TGATIR 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.
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Figure 14: Hydrosilylation reaction monitored by ex-sitv FTIR analysis. (a) FTIR spectra of the pure polymer precurso
crosslinking agent DVB, DBHogether with reaction products. The characterisecei bad
precursors are in good agreement with their chemical structure. An incomplete hydrosilylation reaction is shown by
the presence of residual SH 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 8500 and 900 °C Presence
of the Si-H, N-H and C=C bands at 130, 250 and 500 °C indicates an incomplete hxakilylation reaction, rationalized
by a steric hindrance.At 900 °C no bands originating from N-H, SiH nor DBE are identified by FTIR indicating ngoing

ceramization.
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Table 4: Overview of the bands observed by FTIR analysis with bond type and originatingsubstance corresponding to
Figure 14.

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

~ 3370 U N-H PHPS
~2140 b Si-H PHPS
~1170 2 N-H PHPS
~995 Si-N PHPS
~ 2970 - 2870 a C-H (stretch) DBE
~ 1465 U -CH,- (bend) DBE
~1370 U -CH; (bend) DBE
~1130 u C-O-C DBE
R-HC=CH (stretch)
~3090 - 2970 J . DVB
aromatic ring
c=C
~ 1630 - 1400 d R-HC=CH, DVB
aromatic ring
~990, ~ 905 U R-HC=CH, 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 inFigure
15 show noticeable contrast variations indicating highly developed sample texture. The lack of
clear difference between the two samples confirmsthe presence of stable porosity at 1100 °C, as
observed in Nr-adsorption measurements.

Figure 15c present 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 Xray 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 R-SiC are identified
(Figure 17). For the detailed discussion on the Raman spectroscopy and Xay diffr action results

please refer to Chapter 3.2.5
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o

carbon layer

Figure 15: TEM micrographsof porous SiCN 800 and SiCN 1106eramics. (a,b) HAABF (ligh-angle annular bright-
field)-STEM micrographs of SiCN 800 and SiCN 1100 indicateghly developed texture independent of the pyrolysis
temperature. (c) TEM micrograph o SICN1100 showing the segregation of partially ordered carbon on the surface
of amorphous ceramic and confirmsthe presence of stable porosityat 1100 °C
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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 Xray diffraction patterns reveal the
amorphous nature of the samples prepared at 700, 8®, 900 and 1100 °C. At 1400 °Ccrystallisation of R3-SC occurred
during the carbothermal reaction. Pronounced broadening indicatesthe 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 subsquent cooling to room
temperature. The porosity was characterized by means of N-adsorption after each cycle and the
results obtained are summarized inFigure 18. The microstructure of the outburned samplesSiCN
800 and SIiCN 1100 is presented inFigure 19.

Figure 18 presents the evolution of BET SSA, TPV and MPV with the time of outburning uner
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 decreasein 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 aomplete 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 SIiCN 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 600C. 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. HAABFSTEM micrographs (Figure 19ab) present the highly developed texture of
SiCN 800 O and SIiCN 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 SiG; as
recalculated according to [128] from EA data, Table 5. 2Si SSMAS NMR masurement of the
outburned SICN 1100 (insert Figure 19c) is in the full agreement with EA data, revealing only SiCs
(< 30 ppm) and SiO4 (~110 ppm) with no SiN 4 units present in the ceramic.
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Figure 18: Oxidation stability of porous carbon-rich SiCNceramicsagainst outburning in air at 600 °C assessed bN2-
adsorption measurements The tests consisted of four heating cycles of 8, 8, 16 and 32 h with subsequent coolintp
room temperature. The evolution of BET SSA, TPV and MPV with the time of outburning under mbient atmosphere
for SICN 800 and SiCN 1106 presented. SiCN 1400 outburned for 8 h is shown as reference sample. SiCN 800 ar
SiCN 1100 demonstrate a significant increase in SSA, TPV and MPV duedarbon outburning. Resistance against
oxidation and sintering is indicated by nearly constant BET SSA values up to 32 h at 60C. First after 64 h oxidative
testing, a minor decrease in BET SSA, TPV and MPV has been found. SiCN 1400 ateoutburning shows a decrease
in BET SSA and a complete closure of miiopores.

Table 5: Oxidation stability of porous ceramics at 600 °C assessed by elemental analysis. Overview of the valu
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 °Cassessed byTEM and 2°Si SS NMRneasurements (a,b)
HAABF (high-angle annular bright-field)-STEM micrographs of SICN 80 and SiCN 11000 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 N-adsorption measurements. (c) TEM micrograph of
SICN1100_O shows no segregated carbon on the surface of the amorphous ceramic and confirmsthe presence ofa
stable porosity. 2°Si SSMAS NMR measurement of the outburned SiCN 1100 (ingereveals only Si@ (< 30 ppm) and
SiQ: (~110 ppm) tetrahedra with no SiNa units present in the ceramic

The stability of the SiCN 800 ceramichas been also examined uporprolonged (> 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 processand the presence ofnitrogen in the ceramic is of crucial importance for the

possible applications ofthe material, e.g. for CO, capture. Figure 20 shows the 2°Si NMR spectra
of the SiCN 800 after both, short and prolonged exposition to ambient air. Due to the variety of

the possible innersubstitutions in the vicinity of Si in the Si(C mN\O,) moieties, the deconvolution
and detailed assignment of the NMR peaksare 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 SICN3z - SiNs
tetrahedra. The less negatives (0- -30 ppm) shifts correlate strongly with the C content and are

attributed to SiCs moieties. The more negatives NMR shift at -110 ppm corresponds to SiQ
tetrahedra.

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

13.7 wt.% of SiO; 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 northermetically sealed rotor. In parallel, the amount of SizN4
decreases from 30.2 to 26.4 wt.%.Prolonged exposition to air does not significantly affect the SiNs
moieties, but rather lead to the transformation of Si-O-C units to SiO, tetrahedra.

Note, that the material pyrolyzed at 800 °C contains avariety of Si(CnNnOp) (m+n+p=4) units
Nevertheless, the applied simplification allows for deriving general trends. The evoluion of the

composition with time of the exposition in air can be followed in Table 6.

—— SiCN 800
— SiCN 800 60 days

100 50 0 -50 -100 -150 -200 -250 -300
°3j shift (ppm)

Figure 20: Oxidation stability of porous ceramicsagainst ambient atmosphere assessed b¥Si SS NMR measurements
The stability of the SICN 800 cemmic has been examined uponprolonged (> 60 days) catact 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 beenidentified.

Table 6: Oxidation stability of porous ceramics at room temperature (elemental analysis). Overview of the values
obtained by elemental analysis for pristinesamples and those exposed to ambient humid air.

Sample SiO; (Wt.%) SIiC (Wt.%) SisNs (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 23.5 445
SiCN 800 2 months 28.4 3.4 21.6 46.6
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Applications
CQO: capture

The CQ; capture capacity is significantly enhanced by the presence of basic nitrogefrcontaining 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 mesoporeR19, 220, 231 -
233]. Thus the SiCN 800 ceramic has been examined with respect to the COcapture. Figure 21
presents the CQ adsorption-desorption isotherm at 25 °C of SiCN prepared at 800 °C. 1.5 mmol CQ
per gram of sorbent is adsorbed at 1 bar pressure. At 0 °C the adsorption equals 1.9 mmol COper
gram of sorbent. These values are comparable wh those reported for commercial carbons andzeolite
frameworks [247, 248] . Note, that the adsorption and desorption branches of the isotherm overlap
perfectly. It signifies the absence of irreversible reactions, namely no C®@ 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 repted 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.
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Figure 21: CQ; capture capabilities of SICN 800at 25 °C. The adsorpion and desorption branches of the isotherm
overlap perfectly signifying the absence of rreversible reactions, e.g.CO; 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 asssted synthesis
of micro/meso porous ceramics from preceramicpolymers, German Patent registration DE 10
2016 116 732 Al.

The idea behind of this work was developed by myself and the unique synthesis procedure was
filed as a patent. Most of the experimenta 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. CheulWai Tai (Stockholm, Sweden).

3.2.4.The influence of the pyrolysis temperature on the electrochemical behaviour of

porous carbon-ich SICN polymer-derived ceramics

Within this Chapter, the impact of the pyrolysis temperature on the microstructural development
and electrochemical properties of seleted porous carbonrich 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 evolution
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 carbonrich silicon carbonitride ceramics were prepared according to the methoddiscussed
in Chapter 3.2.1 at the pyrolysis temperature (Tpyr) 0f 900, 1100 and 1400 °C in argon atmosphere.
Figure 22 presents the Xray diffraction patterns revealing the amorphous nature of the samples
prepared at 900 and 1100 °C. At 1400 °C a crystaliisation of SiC is detected. Three broad reflexes
(marked with 3 in Figure 22) arising at 2g 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 SiCNceramics. The Xay diffraction patterns reveal the
amorphous nature of the samples prepared at 900 and 1100 °C. At 1400 °C a crystallisation d3-SiC is detected.
Reproduced from Ref. [6] with permission from the Solid State lonics.

Nitrogen physisorption measurements reveal steag decrease in BET specific surface aie (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 Dband is the strongest band showing the disordered nature of the free carbon
phase (Figure 23a). Figure 23b-d presents the deconvolution of the Raman sgctra into G, D1, D2,
D3 and D4 bands according to Sadezky et al.[251] . The less pronounced Gband 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 suggests that
the carbon phase consist of mixture of spg and sp® 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, Gband increases in intensity with pyrolysis
temperature as it is revealed by the decease 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
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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 SiICN ceramic matrix
undergoes structural organization as well as a loss of hydroger{245, 253] . In consequence, higher
organisations of carbon results in a decrease of available Lion 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 testsigure
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 steadyincrease of capacity up to
534 mAh-g?, 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?! over hundred cycles are obtained. The sample prepared at 1400C shows a

decrease in capacity until 40" cycle, followed by stable capacity of only 168 mAh-g*.

b
a) [— SiCN 900 ) —— Measurement SiCN 900
—— SiCN 1100 —Fit
—— SiCN 1400 ~——— G-band
= ---D-band
oy —~ | = = D2-band
= S |=-=D3-band
o ©
> >
5 .
£ z
0 500 1000 1500 2000 2500 3000 1000 1200 1400 1600 1800
Raman shift (cm™) Raman shift (cm™)
d
< —— Measurement SiCN 1100 ) —— Measurement SiCN 1400
——Fit —Fit
= G-band ~— G-band
- «++D-band =« +-D-band
_ |~ — D2-band —~ |= = D2-band
= |=—-=D3-band S |—--D3-band
@ [ D4-band KO B D4-band
2 2
‘@ ‘@
c c
8] o
£ £
e 2

1000 1200 1400 1600 1800 1000 1200 1400 1600 1800

Raman shift (cm™) Raman shift (cm™)

Figure 23: The microstucture of the carbon phase assessed by Raman spectroscopfa) Raman specta 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 lonics.
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Figure 24: Extended cycling behaviourof the selected porous ceramics(a) Constant current LHon insertion/extraction
at 72 mA-g! 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 lonics.

To evaluate the nature of the Li-ion uptake the first and the hundredth cycle voltage-profiles of
investigated materials are presented inFigure 25. The first cycle lithiation capacity of 849 mAh -g?,
the delithiation capacity of 477 mAh -g* and the corresponding Coulombic efficiency of 52.7% for
SiCN 900 are in the range of the values reported for dense SICN ceramicf250, 256, 257] . When
the pyrolysis temperature is increased, the Coulombic efficiency decreases to 41.4% for the 1100C
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 gectroscopy 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 carborcrystallite 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 increasesthe organisation of the carbon
phase resulting in lower specific capacity. Figure 25b shows voltage profiles of the 100" 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 108 cycle. Reproduced from Ref. [6] with
permission from the Solid State lonics.
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Figure 26: Electrochemical performance of the selected porous ceramics at various current densities. (a) The capaciti
recovered at different current densities by SICN 900 and SiCN 1100. (b) The corresponding Coubbic efficiencies.
Reproduced from Ref. [6] with permission from the Solid State lonics.

In order to verify the storage stability of the porous ceramics rate capability tests were performed.
Figure 26ab shows recovered capacities at different current desities 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 1100C sample. One should note that the stable retained
capacity of 135mAh-g?! at the cycling rate of 10C (3720 mA-g?) 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, leadgo lower overall capacities. On another
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hand, higher T,y 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 poroussamples
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 syrnthesis
route allows to produce large amounts of porous and carbon-rich SICN ceramics rendering the

investigated materials as a promising anode materials in LIBs.

3.2.6. Statement of personal contribution

[6] M. Storch, D. Vrankovic, M. Graczyk-Zajac, R. Riedel, The influence of pyrolysis
temperature on the electrochemical behavior of porous carbonrich SICN polymer-derived
ceramics, Solid State lonics315 (2018) 59.

The idea behind of this work was developed by myself. Most of the experimental work was carried
out by M. Sc. Mathias Storchduring his master thesis. M. Sc. Mathias Storch worked under my ce
supervision during entire time. In particular, 1 supported N ,-physisorption measurements, XRD
studies, Raman spectroscopy measurements, electrode processing, electrochemical measurements,
as well as data evaluation and interpretation. The manuscript was written by M. Sc. Mathias Storch
and revised by myself. Dr. Magdalena GraczykZajac and Prof. Ralf Riedel revised and approved

of the manuscript before publication.
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4. Summary and Outlook

This PhD work has been focused on new materials with a tailored micostructure for the
application in green energy technologies notably Li-ion battery- and CCStechnology. Polymer-
derived SICN/SIiOC ceramics were employed to stabilizehe silicon anodein 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 coatedwith 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 areain the range of 200 to 600 m?g™. The carbon/SiOC protective layer, together with a
void space located in the pores of Sj provided a dense stable shell around Si nanopartites acting
as a separation barrier forthe electrolyte. This led to a stable SEI and resulted in constant capacities
of 575 mAh-g? over 50 cycles andgood 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 peserved the composite morphology and effectively
separated Si fromthe electrolyte. The sole carbon shell did not provide sufficient protection of Si
againstthe electrolyte, leading to low Coulombic efficiencies and the capacity fading with ongoing
cycling.

Next, AICI; assisted magnesiothermic/aluminothermic reduction of SiO, was applied at 220 °C,
yielding highly porous Si. It simplified the synthesis of silicon significantly and made the overall
procedure costeffective 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 electrod e mass loading of more than 2mg-cnv2. Finally, the up-scaling potential has
been demonstrated by using commercially available glass fibers as a precursor of porous Si.
Extensive electrochemical tests revealed theoutstanding performance of fiber-based conposites
with the Coulombic efficiency of 99.5%, and nearly 100% of capacity retention, seeFigure 27. The

excellent electrochemical performance was assessed by motellar dynamic (MD) simulations.

Summary and Outlook 51



first-cycle subsequent
lithiation cycles

100.2
100.0 |
99.8 |1 ccgedsly
99.6 [\,

Efficiency (%)

99.4 i
. ;
9921 | rl1anopa I(IZ es o f':bres | | i
30 40 50 60 70 80 90 100

Cycle number

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 nanoparticldased and fiber-
based composites with Coulombic efficiency of 99.5%, and nearly 100% of capacity retentiomver 100 cycles.

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. 2804 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 matrixKigure 27). This
feature explains the outstanding cycling stability and high Coulombic efficiency .

The significant irreversible loss of Li in SiOC and disordered carbon during te first lithiation
remains a major challenge inthe process Decreasing the amount of SiOC ceramic, resposible for
the irreversible trapping of Li-ions in the proximity of polar Si-O bonds, would significantly
increase the first cycle effciency. It should also boostoverall composite capacities due to the higher
Si content. Another approach would be to exchange SO containing ceramics against SiN
ceramics The more covalent character ofthe 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 de novoinvented synthesis route allowing to tailor the
porosity of Si-based ceramics using simple chemical toolsPerhydropolysilazang divinylbenzene
(DVB), and di-n-butyl ether (DBE) were used as thestarting reaction mixture. Ceramics with
different textural properties were obtained from a crosslinked precursor after thermal treatment
at T > 700 °C. Increase ofthe pyrolysis temperature led to a decrease ofthe specific suface area

(SSA) and the total pore volume (TPV). Pyrolysis at1100 °Cyielded stable poreslocated within
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the ceramic, emphasizing the uniquenessof the new synthesis procedure. The texture ofthe final
ceramic was also affected by thepyrolysis atmosphere. Using argon, vacuum andswitching from
argon to vacuum at temperature of 500 °C enabled to tune the type and amount of pores.
Mesoporous ceramis with SSA of 169 m?-gtand TPV 0.48cm?-g* were obtained at 900 °C under
argon atmosphere whereas the comination of argon and vacuum resulted in a slight decrease in
SSA (125m?-gt) and TPV (0.47 cm®-gt). When vacuumwas applied during pyrolysis, the SSA and
the TPV decreased to 72 mMg* and 0.1 cm?®-g?, respectively. Moreover, some micropores appeared
whil e large mesopores disappeared.
Varying the concentration of DBE in the starting mixture appeared to be a versatiletool in tailoring
the ceramic microstructure. The gradual change of the DBE concentration enabledthe tuning of
the amount/type of pores, while in the absence of DBE onlydense ceramic were obtained. With
2 - 4% of DBEa mixture of micro- and mesopores occurred. At high dilution (more than 50% of
DBE) mesce and macro-porosity was achieved
Electrochemical properties of the porous carbonrich SICN ceramics pyrolyzed at 900, 1100 and
1400 °Cwere investigated with respect to the reversible storage of lithium ions. Samples pyrolyzed
at 900 °C reveakd the best performance with a stable capacity of534 mAh-g? (at a current density
of 74 mA-g?!). The Li storage capacitieswere found to decrease with increasing pyrolysis
temperature. This decrease can beexplained 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 decreasesdue to the carbothermal reaction. Nevertheless,all porous carbonrich
SICN ceramics showed an enhancedurrent capability in comparison to their dense analogues.
Use of hierarchically porous SiCN ceramics for the CCS techaology
The CQ capture capacity is supposed to be enhanced by the presence afitrogen-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 sall mesopores. Thus the SiCN
800 ceramic has been examined with respect to the CQ@capture. The first tests revealed 1.5 and
1.9 mmol of CO; (per gram of SICN) adsorbed at 1 bar pressure at 25 and 0 °C, respectively. These
values are comparable with storage capacities ofcommercial carbons and zeolites.
The preparation method described above allows to synthesizefunctionalized Si-based ceramic
with tailored hierarchical porosity stable beyond 1000 °C. For example, replacing DVB by
divinyltiophene (DVT) wi Il provide S-containing porous ceramics, whereas divinylpyrrole as
crosslinking agent introduces additional nitrogen. The functionalized porous ceramics can be
considered to beapplied as electrically conductive matrices for sulphur electrodes in Li-S batteries

and as high-capacity, thermally and chemically stable CQ sorbents/selective membranes
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ABSTRACT

We present a systematic work to design a void-shell nanostructures for
improving the stability of silicon electrodes while alloying with lithium. To
enhance the electrical conductivity, silicon is coated with carbon by using a
simple and non-hazard route prior to embedding the Si particles in silicon
carbonitride (SiCN). An inactive matrix, namely a polymer-derived SiCN
ceramic is used to stabilize the composite. Additionally, cavities around silicon
to accommodate volume changes are introduced by partial carbon burning.
Significant increase in porosity of more than one order of magnitude is found by
means of BET measurements for the samples obtained after additional heat
treatment in air. TGA coupled with FTIR spectrometry shows that the ceramic
matrix is stable upon heating, while burned carbon originates from pyrolyzed
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fructose. TEM micrographs confirm the presence of carbon/void around silicon
particles embedded in the ceramic matrix. Electrochemical investigations reveal
an improved conductivity due to the presence of carbon coating. Contribution of
silicon in lithium storage is identified, whereas voids introduced around the
silicon particles are found to improve cycling stability of silicon.

potentials lower than 50 mV, which was further
confirmed by in situ X-ray diffraction studies [2].
Li;5Siy corresponds to a specific capacity of

Introduction

The outstanding specific and volumetric capacity of
silicon, arising from its ability to reversibly alloy with
lithium, raises interest in this material for application
as anode material in lithium ion batteries.

Obrovac and Christensen [1] showed that crys-
talline silicon becomes amorphous during the first
alloying process and crystallizes to LisSi; at

3579 mAh g~ ' which is the highest electrochemically
available capacity of silicon at room temperature.
During dealloying, the crystalline Li;sSiy phase van-
ishes and amorphous Li,Si is formed.

The application of silicon anode materials is lim-
ited due to a large volume increase of about 260 %
during the alloying process. This large volume
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change causes stress followed by cracking and pul-
verization of the electrode and finally leads to the loss
of electric contact between active material and cur-
rent collector. This consequently brings a rapid fad-
ing of the capacity with ongoing cycling.
Furthermore, the large volume expansion leads to
cracking of the solid electrolyte interface (SEI) on the
silicon surface followed by irreversible capacity los-
ses with ongoing cycling [3].

Numerous approaches in order to improve the
cycling stability of silicon anodes are proposed in the
literature, namely: (i) diminishing the size of Si par-
ticles (threshold value of about 150 nm) [4], (ii)
embedding nanosilicon into an active or inactive
matrix [5-10], (ii) chemical bonding of silicon
nanoparticles to the binder or conductive additive
[11-17], (iv) utilization of nanowires [18-20], and
(v) the synthesis of nanosilicon-carbon composites
with cavities around the silicon particles [21-25].

Nanostructured silicon electrodes face some
important challenges as well. High surface-to-volume
ratios can facilitate efficient transfer of lithium from
the solvent to the active material to achieve high
rates, but poor volumetric storage capacity is an
important issue that has to be addressed. Moreover,
the potential for uncontrolled reaction and thermal
runaway is greater for high surface area electrodes.
Although this problem is only mentioned in the lit-
erature [26], high surface area of nanostructured sil-
icon presents a serious problem, and morphological
optimization to achieve a balance between high rates
and safety is needed. Further, it is of importance that
used materials are inexpensive and environmentally
benign.

Embedding nanosized silicon in an inexpensive
matrix, which is able to accommodate the stresses
during alloying, achieving additional storage capac-
ity and in parallel stability against thermal runaway
could be a promising solution with respect to the
above-mentioned problems with nanostructured sil-
icon-based systems.

Recently, Kaspar et al. [27] have reported on com-
posite materials based on silicon particles dispersed
in a polymer-derived silicon oxycarbide (SiOC)
matrix. The sample containing amorphous silicon
showed an improved cycling stability (capacity
retention of 88 % after 100 cycles), while the electrode
with crystalline silicon demonstrated an initial
capacity increase followed by continuous fading. It
has been reported that carbon-rich silicon
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carbonitride (SiCN) recovers the capacities as high as
600 mAh g_1 [28], while storing lithium mostly in
carbon phase [29, 30]. The composite materials con-
sisting of graphite/carbon-poor SiCN [31] or pre-
cursor-derived Si(B)CN-coated multiwalled carbon
nanotube (CNT) composite [32] exceed by far the
sum of the capacities of the single components.
Reinold et al. [33]. showed the advantage of using
polymer-derived silicon carbonitride (SiCN) ceramic
as an inactive matrix for crystalline silicon
nanopowder (30-50 nm) and stated the protective
character of the SiCN matrix in terms of SEI stabi-
lization for samples prepared at 1100 °C. Further,
promising efforts have been done by using SiCN as
stabilizing matrix for MoS;, [34] and boron nitride
[35]. Authors report significant improvement in
electrochemical performances when polymer-derived
ceramics are used compared to pure materials.
Moreover, it has been reported that embedding in
SiCN ceramic matrix leads to significant enhance-
ment in rate capability of the composites [32, 36].
Core-shell
composites demonstrate extremely high capacities of
~800 mAh g ' and good capacity recovering at high
current [37]. Fabrication of porous electrode struc-
tures to accommodate the large volume changes of
silicon also drew a lot of attention. Among them,
core—shell structures with cavities around the silicon
particles have been investigated in detail [22-25].
Porous silicon-carbon composites are obtained by the
controlled formation of a silicon oxide layer on silicon
particles followed by carbon coating. To form hollow
spaces around the silicon particles, the silicon oxide
layer is finally removed by a treatment with
hydrofluoric acid. The produced active material
shows capacity retention of 86 % after 100 cycles [25].
From the point of view of a possible application in
LiBs, carbon derived from organic source is envi-
ronmentally friendly and cheap; however, it fails
when battery safety issues are addressed [38].
Within this work, we present a systematic design
of core—shell structures around silicon for improving
its cycling stability during lithium insertion/extrac-
tion. On the one hand, coating with environmentally
friendly organic carbon is applied to increase the
composite conductivity, whereas partial burning of
carbon leads to the formation of voids around silicon,
proved by BET and TEM measurements. In parallel,
polymer-derived silicon carbonitride ceramic (SiCN)
[39] with low carbon content is used to form

silicon oxycarbide—carbon nanotubes
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stable shells and to maintain the porous structure.
The presence of stable SiCN ceramics should also
help to stabilize the high active surface structure
against thermal runaway, while the void/shell
microstructures around the silicon brings about
enhanced cycling stability of the electrode.

Experimental part

A schematic representation of the different composite
materials and their preparation routes are shown in
Fig. 1 showing synthesied composites b, ¢, and d;
Figure 52, which includes materials defined by a and
a’, and Table 1 containing the list of all investigated
composites. Following the steps of composites, syn-
thesis can be defined: (i) coating with carbon, (ii)
embedding of silicon covered with carbon in a cera-
mic matrix, and (iii) the introduction of cavities
around the silicon particles.

For the carbon coating step, p-(-)-Fructose (pu-
rity >99 %, Sigma-Aldrich) was dissolved in an
ethanol/water mixture (ratio 9:1). The silicon
nanopowder (nanocrystalline, 30-50 nm, Nanostruc-
tured & Amorphous Materials Inc., USA), the cera-
mic, or the composite was uniformly dispersed in the
solution of fructose using an ultra-turrax (IKA T25
digital ultra-turrax). After the solvents were evapo-
rated, carbonization was performed at elevated tem-
peratures under argon atmosphere.

In the second step, coated nanocrystalline silicon
was dispersed in the pre-ceramic organosilicon
polymer (HTT1800, Clariant, Germany). The obtained
mixture was pyrolyzed under a constant argon flow
at 1100 °C using a quartz Schlenk tube and quartz
crucible. The heating and cooling rates were set to
100 °C h™" and the dwelling time was amounted for

silicon powder

i) i b)
carbonization pyrolysis of
of fructose precursor
—_—) —_—)

silicon powder
covered with carbon

Figure 1 Synthesized composites and preparation route.

silicon powder
covered with carbon
embedded in SiCN
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3 h. An additional crosslinking step was applied at
250 °C with a holding time of 3 h.

To create free space around the silicon particles, the
composite material comprised silicon nanopowder
covered with carbon and embedded into a SiCN
matrix derived from HTT1800 was heated in air in an
alumina furnace at 500 °C for 2 h.

Besides the composite materials, pure fructose was
also carbonized at temperatures ranging from 300 to
1100 °C to obtain reference materials with respect to
yield, the electrical conductivity, and the electro-
chemical behavior. Pure crystalline silicon powder
was also coated with pre-ceramic organosilicon
polymer (procedure ii), pyrolyzed and coated with
carbon according to the procedure i (compare S2,
Supplementary information).

The obtained materials were ground by hand and
sieved with a mesh size of 40 pm.

X-ray powder diffraction was performed on the as-
prepared powders using a STOE STADI1 P equipped
with monochromatic Mo-K, radiation in flat-sample
transmission geometry.

Thermogravimetric analysis (TGA) was employed
to monitor the reaction of the free carbon phase with
oxygen. TGA was performed with STA 449C Jupiter
(Netzsch Gerdtebau GmbH, Germany) coupled to a
FTIR-spectrometer Bruker Tensor27 allowing the
measurement of the mass change as well as the
evolution of carbon oxides. The analysis was per-
formed under a constant oxygen gas flow (Air Liq-
uide, purity >99.5%) of 30mL min~'. The
temperature program was set according to the pro-
gram used for the additional heat treatment of the
composite materials (heating rate 100 °C h™', dwell-
ing time 2 h at 500 °C).

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

i) ) i) d)
burning of carbon carbonization
precursor of fructose

silicon powder
embedded in SiCN
with cavities

silicon powder
embedded in SiCN
with cavities
covered with carbon
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Table 1 Compositions and abbreviations of the investigated composites (a, a’ see S2)

Composites Sample name Si:SiCN (wt%) Si:carbon (wt%) T arbonization (°C) T arbonization (°C)
after pyrolysis after carbonization”
Si:SiCN 1:4 — — -
a’ Si:SiCN:30F 1:4 7:3 - 900
b Si:30F:SiCN 1:4 7:3 600 B
Si:60F:SiCN 1:4 2:3 1100 —
c Si:F:SiCN 1:4 7:3 600 -
Si:F:SiCN(60) 1:4 2:3 1100 -
d Si:F:SiCN:30F-900 1:4 7:3 600 900
Si:F:SiCN(60):30F-900 1:4 2:3 1100 900

# Carbonization temperature for the coating of the silicon particles

® Carbonization temperature for the coating of the composite material after the additional heat treatment on air

USA). The samples were preheated at 150 °C for 24 h
under vacuum before the measurements. The N,
isotherm at 77 K was used to calculate the specific
surface area (SSA) from the linear BET (Brunauer—
Emmett-Teller) plots over the relative pressure range
of 0.05 < p/p, < 0.3. The total pore volume (V) was
determined from the amount of vapor adsorbed at a
relative pressure p/p, =~ 1 [40]. The micropore vol-
ume (V,,,) was calculated using the de Boer’s t-plot
analysis [41]. The pore size distribution for meso-
porous sample was estimated using BJH (Barrett—
Joyner-Halenda) method for the desorption branch
of the isotherm [40].

Transmission electron microscopy (TEM) studies
on powder samples were performed with a FEl CM20
instrument equipped with an EDX Detector (TEM 250
with SDD Detector, Oxford Instruments), operated at
200 keV. Specimens were prepared by sectioning of
epoxy resin-embedded (EPON 502) powder with a
Reichert-Jung UltracutE Microtome equipped with a
diamond knife. Obtained ultrathin sections (100 nm)
were placed on a copper grid and introduced to the
microscope chamber.

For electrochemical testing, prepared powders were
mixed with 5 wt% of Carbon Black Super P (Timcal
Ltd., Switzerland) as conducting additive and 10 wt%
of polyvinylidene fluoride (PVdF, SOLEF, Solvay,
Germany) dissolved in N-methyl-2-pyrrolidone
(NMP, BASF, Germany) as 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 pm, Copper SE-Cu58 (C103), Schlenk
Metallfolien, Germany) by doctor blade technique and
dried at 40 °C for 24 h. Electrodes of 10 mm diameter
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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/ref-
erence 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 (What-
mann"™, UK) was used as a separator. For gravimetric
capacity calculation, the mass of active material was
used. The active electrode mass excludes that of the
carbon black and PVDF fractions used in electrode
preparation. The testing was performed with VMP
multipotentiostat (BioLogic Science instruments) at
charging/discharging rate of C/50 assuming a theo-
retical capacity C of 3579 mAh g ' (C/50 being
72 mA g !).

Four-point measurements based on van der Pauw
method have been employed in order to monitor the
influence of the different preparation steps (Fig. 1,
Table 1) on the electrical conductivity of obtained
composites. Measurements were performed using a
home-made setup, on pellets prepared by spreading
part of the electrode slurry on a glass plate for drying
at 40 °C for 24 h. After NMP was evaporated, the
material was scratched from the glass plate and
ground to a powder. To obtain uniform pellets,
approximately, 100 mg of the as-prepared powder
was pressed uniaxially with 30 kN for 5 min.

SEM pictures of pristine and cycled electrodes
were taken at a Philips XL30 FEG (Philips, Nether-
lands). The cycled electrodes were disassembled
from the Swagelok® cell and washed with dimethyl
carbonate. The samples were coated with a thin layer






